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1. of Inven t ion  
The i n v e n t i o n  described h e r e i n  w a s  made i n  t he  
>erformance of t h e  work under  a NASA C o n t r a c t  and i s  
sub jec t  t o  t h e  p r o v i s i o n s  of P u b l i c  Law 96517 (35 USC 
!02) i n  which t he  c o n t r a c t o r  has  elected no t  t o  r e t a i n  
: i t l e .  
2. 
This  i n v e n t i o n  relates t o  c o n t r o l  systems for 
: o n t r o l l i n g  robotic manipula tors .  
Des-r A r t  . .  3. 
The n e x t  g e n e r a t i o n  of r o b o t i c  man ipu la to r s  
ill perform h igh-p rec i s ion  t a sks  i n  p a r t i a l l y  unknown 
nd  u n s t r u c t u r e d  env i ronmen t s .  These t a s k s  r e q u i r e  
recise motion c o n t r o l  of t h e  manipulator  under unknown 
nd  va ry ing  payloads.  These requirements are f a r  beyond 
he c a p a b i l i t i e s  of p r e s e n t - d a y  i n d u s t r i a l  robot  
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2 
controllers, and demand robust high-performance 
manipulator control systems. The need for advanced 
manipulator control systems to accomplish accurate 
trajectory tracking has therefore been recognized for 
some time, and two parallel lines of research have been 
pursued. The primary outcome of such research is the 
development of two classes of advanced manipulator 
control schemes, namely model-based and performance- 
based techniques. 
Model-based techniques, such as the Computed Torque 
is Of The C-uted 
on With C- 
Servo For A C-ed - ManlDulator, 
Technical Memorandum 33-601, Jet Propulsion Laboratory, 
1973, are based on cancellation of the nonlinear terms 
in the manipulator dynamic model by the controller. 
This cancellation is contingent on two assumptions which 
are not often readily met in practice. First, the 
values of all parameters appearing in the manipulator 
dynamic model, such as payload mass and friction 
coefficients, must be known accurately. Second, the 
full dynamic model of the manipulator needs to be known 
and computed on-line in real-time at the servo control 
rate. Performance-based techniques, such as the direct 
adaptive control method by S. Dubowsky and D. T. 
DesForges: 
o -IC -, ASME Journal of Dynamic 
Systems, Measurement and Control, Vol. 101, pp. 193-200, 
1979, attempt to overcome these limitations by adjusting 
the controller gains on-line in real-time, based on the 
tracking performance of the manipulator; and, thus, 
eliminating the need for the manipulator model. 
Therefore, the identification of the manipulator and 
payload parameters or the complex manipulator dynamic 
model is not necessary, and hence a fast adaptation can 
Method by B. R. Markiewicz: 
T h e c a t  ion  Of Mo-tive - 
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3 
le a c h i e v e d .  Ad p t i v e  c o n t r o l  methods, however, may 
become u n s t a b l e  f o r  high a d a p t a t i o n  rates and t r ea t  t h e  
i an ipu la to r  as  a "black-box" by no t  u t i l i z i n g  any par t  
If t h e  m a n i p u l a t o r  dynamics i n  t h e  c o n t r o l  l a w  
.ormulat ion.  
During t h e  p a s t  f e w  y e a r s ,  several a t t e m p t s  have 
leen made t o  combine t h e  model-based and performance- 
,ased t e c h n i q u e s  i n  order t o  t a k e  f u l l  advantage of t h e  
i e r i t s  of b o t h  t e c h n i q u e s  a n d  overcome t h e i r  
. i m i t a t i o n s .  For i n s t a n c e ,  t h e  approach of J. J. Craig, 
I .  Hsu, and  S. S.  S a s t r y :  t l v e  Control Of 
a1 m, P r o c .  I E E E  I n t e r n .  COnf. on 
l o b o t i c s  and  Automation,  V o l .  1, pp .  190-195, San 
' r anc i sco ,  1986, and R .  H. Middleton and G .  C .  Goodwin: 
t o r s ,  p roc .  IEEE Conf. on Decision and Con t ro l ,  
7 0 1 .  1, pp.  68-73, Athens,  1986, t h e  m a n i p u l a t o r  
)arameters are estimated a d a p t i v e l y  f i rs t  and are t h e n  
i t i l i z e d  i n  a dynamic-based c o n t r o l  l a w .  
* .  t i v e  Computed Toraue  C o n t r o l F o r d  
A search w a s  conducted i n  the  fol lowing classes and 
subclasses .  
CLASS SUBCLASS 
318 561, 567, 568, 569, 599, 600, 601 
616, 617, and 685, 561, 604, 618 and 
62 1 
364 133, 134, 148, 150, 157, 162, 165, 
183, 193, 478 and 513 
901 14, 15 and 19 
The r e s u l t s  of t h e  search i n c l u d e  t h e  f o l l o w i n g  
Datents:  
O s w a l d  4,200,827 
Penkar e t  a l .  4,773,025 
Axelby e t  a l .  4,663,703 
Takahashi e t  a l .  4,639,652 
Shigemasa 4,719,561 
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4,341, Browder 86 
Hafner e t  a l .  4,546,426 
Horak 4,547,858 
P e r z l e y  4,603,284 
Perreirra e t  a l .  4,763,276 
Lit tman e t  a l .  3,758,762 
H i r o i  e t  a l .  4,563,735 
Matsumura e t  a l .  4,670,843 
Sh i gema s a 4,679,136 
F i r s t  a t t e n t i o n  i s  d i r e c t e d  t o  O s w a l d  4,200,827 
fhich d i s c l o s e s  a c o n t r o l  system f o r  a magnet ic  head 
L n c l u d i n g  b o t h  v e l o c i t y  and p o s i t i o n  feedback a n d  
Teedforward s i g n a l s  r e p r e s e n t i n g  b o t h  v e l o c i t y  a n d  
i c c e l e r a t i o n .  See F igure  1 and column 3, l i n e  17 t o  
:olumn 6, l i n e  35. Also, see Penkar e t  a l .  4,773,025 
ind Axelby 4,663,703. 
Next a t t e n t i o n  i s  directed t o  Takahashi e t  a l .  
1,639,652 which d i s c l o s e s  a c o n t r o l  system fo r  a robot 
i a n i p u l a t o r  i n c l u d i n g  adaptive p o s i t i o n  and v e l o c i t y  
leedback g a i n s .  See ga in  a d j u s t e r  14 and g a i n s  5 and 6 
.n F i g u r e  1. P a r t i c u l a r  a t t e n t i o n  should  be g iven  t o  
.he c i r c u i t  d iagram p r e s e n t e d  i n  F i g u r e  4 of t h i s  
. e fe rence  which d i f fe rs  from Figure  1 on ly  i n  t h e  use  of 
.he t r a n s f e r  f u n c t i o n  T ( s )  and operates i n  accordance  
r i t h  t h e  d e s c r i p t i o n  beginning  a t  column 4, l i n e  48 
hrough column 6, l i n e  29. T h i s  r e f e r e n c e  i s  of 
n t e r e s t  o n l y  because  o f  t h e  h i g h  speed  p o s i t i o n i n g  
: o n t r o l .  I t  re l ies  upon a p r i o r  a r t  technique  commonly 
.nown as " I d e n t i f i c a t i o n " ,  i n  t h a t  tes t  runs  permi t  t h e  
,sins of i t s  c o n t r o l  l a w  t o  be i d e n t i f i e d .  
Next a t t e n t i o n  i s  directed t o  Shigemasa 4,719,561 
rhich d i s c l o s e s  a c o n t r o l  s y s t e m  h a v i n g  r o b u s t  
' o n t r o l l e r  24 i n  combination w i t h  a PID c o n t r o l l e r  22. 
ee F i g u r e  3 and column 5, l i n e  13. 
T h e  f o l l o w i n g  r e f e r e n c e s  a l l  d i s c l o s e  a c o n t r o l  
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system f o r  a robot  manipulator .  
B rowde r 4,341,986 
Hafner 4,54 6,426 
Horak 4,547,858 
Perz l ey  4,603,284 
Perreirra e t  a l .  4,763,276 
The fo l lowing  r e fe rences  are c i ted as of  i n t e r e s t .  
Lit tman e t  a l .  3,758,762 
H i r o i  e t  a l .  4,563,735 
M a t  sumura e t  a1 . 4,670,843 
Shigemasa 4, 679,136 
I n  c o n t r a s t  t o  t h e  Computed Torque Method of t h e  
p r i o r  a r t ,  t h e  inven t ion  does n o t  r e l y  on an  a c c u r a t e  
dynamic model i n  o r d e r  t o  c o n t r o l  t h e  m a n i p u l a t o r .  
Furthermore,  g l o b a l  asymptot ic  s t a b i l i t y  of t h e  c o n t r o l  
A new, robus t  c o n t r o l  system u s i n g  a known par t  of 
t h e  m a n i p u l a t o r ' s  dynamics i n  a f eed fo rward  c o n t r o l  
c i r c u i t  and  any  unknown dynamics and  u n c e r t a i n t i e s  
and/or  v a r i a t i o n s  i n  t h e  manipulator /payload parameters 
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approach of combining model-based and performance-based 
c o n t r o l  t e c h n i q u e s .  Two d i s t i n c t  and  s e p a r a t e  d e s i g n  
p h i l o s o p h i e s  have been merged i n t o  one nove l  c o n t r o l  
sys t em.  The i n v e n t i o n ' s  c o n t r o l  l a w  f o r m u l a t i o n  i s  
T h i s  i n v e n t i o n  d i s c l o s e s  a n d  claims a n o v e l  
3 4  
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iomprised o f  two d i s t i n c t  and s e p a r a t e  components, each 
If which y i e l d s  a r e s p e c t i v e  s i g n a l  component t h a t  i s  
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6 
zombined i n t o  a t o t a l  command s i g n a l  f o r  t h e  sys tem.  
Those t w o  s e p a r a t e  system components i n c l u d e  a 
feedforward c o n t r o l l e r  and a feedback c o n t r o l l e r .  The 
feedforward c o n t r o l l e r  i s  model-based and c o n t a i n s  any 
known p a r t  of t h e  manipulator  dynamics t h a t  can be used 
€ o r  o n - l i n e  c o n t r o l  t o  produce a nominal f eed fo rward  
Zomponent o f  t h e  sys tem's  command s i g n a l .  The feedback 
z o n t r o l l e r  i s  performance-based and c o n s i s t s  of a s imple 
s d a p t i v e  PID c o n t r o l l e r  which generates a n  a d a p t i v e  
z o n t r o l  s i g n a l  t o  complement t h e  nominal feedforward 
s i g n a l .  T h e  feedback adap ta t ion  l a w s  are v e r y  s imple ,  
s l lowing  a f a s t  servo c o n t r o l  loop implementation. 
F igu re  1 i s  a f i g u r e  d e p i c t i n g  a schematic diagram 
Df a t y p i c a l  a c t u a t o r  and l i n k  assembly i n  accordance  
with the inven t ion ;  
F i g u r e  2 i s  a f i g u r e  d e p i c t i n g  a 
Eeedforward/feedback t r a c k i n g  c o n t r o l  scheme i n  
sccordance w i t h  the  invent ion;  
F i g u r e  3 i s  a f i g u r e  d e p i c t i n g  a two-l ink p l a n a r  
n a n i p u l a t o r  i n  a ve r t i ca l  p l ane  i n  accordance  w i t h  t he  
invent  i o n  ; 
F i g u r e  4 ( i )  i s  a f i g u r e  d e p i c t i n g  t h e  d e s i r e d  
[dashed] and a c t u a l  [sol id]  t ra jec tor ies  of t h e  j o i n t  
sngle  O l ( t )  i n  accordance wi th  t h e  invent ion;  
F i g u r e  4 ( i i )  is a f i g u r e  d e p i c t i n g  t h e  desired 
[dashed] and a c t u a l  [ so l id]  t ra jec tor ies  of t h e  j o i n t  
sngle  O ( t )  i n  accordance w i t h  t h e  invent ion;  
F igu re  5(i) i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  of 
the t r a c k i n g  - e r r o r  e 2 ( t )  i n  a c c o r d a n c e  w i t h  t h e  
invent  ion;  
2 
Figure  5 ( i i )  i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  of 
the t r a c k i n g  - e r r o r  e l ( t )  i n  acco rdance  w i t h  t h e  
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7 
invent ion;  
F igu re  6 ( i )  i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  o f  
t h e  c o n t r o l  t o r q u e  T l ( t )  i n  a c c o r d a n c e  w i t h  t h e  
inven t ion ;  
F igu re  6 ( i i )  i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  of 
t h e  c o n t r o l  t o r q u e  T 2 ( t )  i n  a c c o r d a n c e  w i t h  t h e  
inven t  i o n  ; 
Figure  7 ( i )  i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n s  of 
t h e  a u x i l i a r y  s i g n a l s  f l ( t )  [ so l id]  and f 2 ( t )  [dashed] 
i n  accordance w i t h  t h e  invent ion;  
F i g u r e  7 ( i i )  i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n s  
of t h e  p o s i t i o n  g a i n s  k , l ( t )  [sol id]  and k p * ( t )  [dashed] 
i n  accordance w i t h  t h e  invent ion;  
F igu re  7 ( i i i )  i s  a f i g u r e  d e p i c t i n g  the v a r i a t i o n s  
of t h e  v e l o c i t y  g a i n s  k , l ( t )  [ s o l i d ]  and k , 2 ( t )  [dashed] 
i n  accordance w i t h  t h e  invent ion;  
F i g u r e  8 i s  a f i g u r e  d e p i c t i n g  t he  f u n c t i o n a l  
diagram of  t h e  testbed f a c i l i t y  i n  accordance  w i t h  t h e  
inven t ion ;  
F i g u r e  9 ( i )  i s  a f i g u r e  d e p i c t i n g  t h e  desired 
[dashed] and  a c t u a l  [ so l id]  PUMA w a i s t  a n g l e s  unde r  
a d a p t i v e  c o n t r o l l e r  i n  accordance w i t h  t h e  inven t ion ;  
F i g u r e  9 ( i i )  is a f i g u r e  d e p i c t i n g  t h e  w a i s t  
t racking-error under  adaptive c o n t r o l l e r  i n  accordance  
w i t h  t h e  invent ion;  
F i g u r e  l O ( i )  is a f i g u r e  d e p i c t i n g  t h e  desired 
[dashed] and  a c t u a l  [ s o l i d ]  PUMA w a i s t  a n g l e s  under  
unimation c o n t r o l l e r  i n  accordance w i t h  t h e  invent ion;  
F i g u r e  1 O ( i i )  i s  a f i g u r e  d e p i c t i n g  t h e  w a i s t  
t r a c k i n g - e r r o r  under unimation c o n t r o l l e r  i n  accordance 
w i t h  t h e  invent ion;  
F igu re  l l(i) i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  of 
t h e  a u x i l i a r y  s i g n a l  f ( t )  i n  accordance w i t h  t h e  inven t ion ;  
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8 
F i g u r e  ll(ii) i s  a f i g u r e  d e p i c t i n g  the v a r i a t i o n  
o f  t h e  p o s i t i o n  g a i n  k , ( t )  i n  acco rdance  w i t h  t h e  
inven t ion ;  
F igu re  ll(iii) i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  
of t h e  v e l o c i t y  g a i n  k , ( t )  i n  accordance  w i t h  t h e  
inven t  ion;  
F i g u r e  l l ( i v )  i s  a f i g u r e  d e p i c t i n g  t h e  v a r i a t i o n  
o f  t h e  c o n t r o l  t o r q u e  T ( t )  i n  acco rdance  w i t h  t h e  
i n v e n t  i on  ; 
F i g u r e  1 2 ( i )  i s  a f i g u r e  d e p i c t i n g  t h e  desired 
[dashed] a n d  a c t u a l  [ s o l i d ]  w a i s t  a n g l e s  w i t h  a r m  
c o n f i g u r a t i o n  change i n  accordance w i t h  t h e  i n v e n t i o n ;  
and 
F i g u r e  1 2 ( i i )  i s  a f i g u r e  d e p i c t i n g  t h e  w a i s t  
t r a c k i n g - e r r o r  w i t h  arm c o n f i g u r a t i o n  change  i n  
accordance w i t h  t h e  inven t ion .  
1. SUMMARY OF PRESENTATION. 
The p r e s e n t a t i o n  of  the inven t ion  is  s t r u c t u r e d  as 
f o l l o w s .  I n  S e c t i o n  2 ,  t h e  i n t e g r a t e d  dynamic model of 
a m a n i p u l a t o r  a n d  a c t u a t o r  sys t em i s  der ived.  The 
t r a c k i n g  c o n t r o l  scheme is  described fully i n  S e c t i o n  3 .  
I n  S e c t i o n  4 ,  t h e  d i g i t a l  c o n t r o l  implementat ion of t h e  
scheme i s  g iven .  The i s s u e  of robus tness  is d i s c u s s e d  
i n  S e c t i o n  5.  T h e  c o n t r o l  scheme i s  a p p l i e d  i n  S e c t i o n  
6 t o  t h e  model of a two- l ink  arm, and  e x t e n s i v e  
s i m u l a t i o n  r e s u l t s  are g iven  t o  suppor t  t h e  method. I n  
S e c t i o n  7,  t h e  implementat ion of t h e  proposed c o n t r o l  
scheme on a PUMA i n d u s t r i a l  robot i s  described and  
e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  t o  va l ida t e  t h e  
improved pe r fo rmance  of t h e  i n v e n t i o n .  S e c t i o n  8 
d i s c u s s e s  t h e  r e s u l t s  and concludes t h e  p r e s e n t a t i o n  of 
t h e  d e s c r i p t i o n  o f  t h e  inven t ion .  
2 .  INTEGRATED DYNAMIC MODEL OF MANIPULATOR-PLUS- 
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ACTUATOR SYSTEM 
Most papers on man ipu la to r  c o n t r o l  n e g l e c t  t h e  
dynamics of j o i n t  a c t u a t o r s ,  and t r ea t  t h e  j o i n t  t o rques  
a s  t h e  d r i v i n g  s i g n a l s .  I n  t h i s  s e c t i o n ,  I take  a 
r ea l i s t i c  approach by i n c l u d i n g  t h e  a c t u a t o r  dynamics 
a n d  mode l ing  t h e  m a n i p u l a t o r  a n d  a c t u a t o r s  as  a n  
i n t e g r a t e d  system. 
I n  many i n d u s t r i a l  robots such  as t h e  Unimation 
PUMA, t h e  l i n k s  of t h e  m a n i p u l a t o r  are  d r i v e n  by  
e lectr ic  a c t u a t o r s  a t  t h e  corresponding j o i n t s ,  and t h e  
dynamics of t h e  j o i n t  a c t u a t o r s  must be t a k e n  i n t o  
a c c o u n t .  Note t h a t  a l t h o u g h  e lectr ic  a c t u a t o r s  are  
modeled h e r e i n a f t e r ,  t h e  r e s u l t s  are g e n e r a l  s i n c e  t h e  
f o r m  of dynamic equa t ions  f o r  other t y p e s  of a c t u a t o r s  
i s  e s s e n t i a l l y  t h e  same. 
R e f e r r i n g  t o  F i g u r e  1, each a c t u a t o r  100 may be 
c o n s i d e r e d  as  compris ing a l i n k  101, d r i v e n  by a gear 
110 t h a t  meshes w i t h  a motor-driven d r i v e  gear 125. Many 
s u c h  a c t u a t o r s  are  g e n e r a l l y  r e q u i r e d  f o r  any  g i v e n  
robotics a p p l i c a t i o n .  A s i n g l e  a c t u a t o r  as a g e n e r a l  
case w i l l  be p r e s e n t e d  i n  t h i s  a p p l i c a t i o n  f o r  
s i m p l i c i t y  p u r p o s e s .  It  shou ld  be unde r s tood  t h a t  
several a c t u a t o r s  as needed are d r i v e n  by t h e  command 
signal as developed by the control system of this 
i n v e n t i o n .  
Any t y p i c a l  a c t u a t o r  i s  b a s i c a l l y  a DC servomotor 
w i t h  a permanent magnet 130 t o  p rov ide  t h e  motor f i e l d  
and  t h e  d r i v i n g  s i g n a l  is  a voltage or  a c u r r e n t  applied 
t o  t h e  a rmature  winding. I n  F igure  1, a d r i v i n g  v o l t a g e  
i d e n t i f i e d  s imply as Vj is impressed across a pa i r  of 
i n p u t  t e r m i n a l s  1 4 0 .  The r e s i s t a n c e  and  i n d u c t a n c e  
shown i n  t h e  F i g u r e  s imply  r e p r e s e n t  t h e  i n t e r n a l  
parameters t y p i c a l l y  found i n  any  a c t u a t o r  and  such  
matters are w e l l  known i n  t h e  a r t  and r e q u i r e  no f u r t h e r  
d e s c r i p t i o n .  S ince  servomotors are i n h e r e n t l y  high-speed 
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Low-torque devices, t h e  g e a r  assembly 110,125 i s  o f t e n  
r equ i r ed  t o  mechanical ly  couple  t h e  a rmature  sha f t  1 2 6  
:o t h e  robo t  l i n k  110 i n  o r d e r  t o  o b t a i n  speed r educ t ion  
nnd t o r q u e  magni f ica t ion .  
Cons ider  now t h e  j t h  a c t u a t o r  100  and suppose t h a t  
:he a r m a t u r e  i s  vol tage-dr iven ,  a s  shown i n  F i g u r e  1. 
Phis r e p r e s e n t a t i o n  i s  g e n e r a l  because i n  cases where 
:he a rma tu re  i s  cur ren t -dr iven  us ing  t h e  c u r r e n t  sou rce  
L ( t )  w i t h  shunt  r e s i s t a n c e  R,, t h e  d r i v i n g  source  can be 
yeplaced by t h e  vo l t age  source v ( t )  = R , i ( t )  w i t h  series 
1 I r e s i s t a n c e  Rv= -. T h e r e f o r e ,  w i t h o u t  l o s s  of 
Rc 
l e n e r a l i t y ,  w e  can assume t h a t  t he  d r i v i n g  source  of t he  
Ith j o i n t  motor i s  always t h e  v o l t a g e  sou rce  v j ( t )  w i t h  
.he i n t e r n a l  r e s i s t a n c e  rj.  T h i s  s o u r c e  p roduces  t h e  
: u r r e n t  i j  ( t )  i n  t h e  a r m a t u r e  c i r c u i t ;  a n d  t h e  
! lectr ical  equa t ion  f o r  the j t h  a c t u a t o r  can be w r i t t e n  
IS 
rhere R j  and L j  are t h e  r e s i s t a n c e  and induc tance  of t h e  
t h  a rma tu re  winding, (t) i s  t h e  a n g u l a r  d i sp lacement  
j 
dd ,(t) 
If t h e  j t h  a rma tu re  s h a f t ,  and t h e  t e r m  Kb, dt i s  
ue t o  t h e  back-emf gene ra t ed  i n  t h e  a rma tu re  c i r c u i t .  
e t  us now c o n s i d e r  t h e  mechanical  e q u a t i o n  of t h e  
c t u a t o r .  R e f e r r i n g  t o  t h e  a r m a t u r e  s h a f t ,  t h e  
e q u i v a l e n t "  moment of i n e r t i a  and f r i c t i o n  c o e f f i c i e n t  
f t h e  t o t a l  load  are given by K. Ogata: Modern C o n t r o l  
m e e r - ,  P r e n t i c e  H a l l  Inc . ,  N . J . ,  1970 
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( 3 )  
where { J j m r f j m }  and {Jj  , f j q }  are t h e  moments of i n e r t i a  
and f r i c t i o n  c o e f f i c i e n t s  of  t h e  j t h  motor shaf t  and t h e  
j t h  robot l i n k  r e s p e c t i v e l y ,  while Njm and N j  a re  t h e  
numbers of  gear teeth on t h e  motor side and on t h e  l i n k  
side r e s p e c t i v e l y ,  and N j  = - N l m  C 1 i s  t h e  gear ra t io .  
Although it  i s  assumed t h a t  t he re  i s  one gear m e s h  
between t h e  motor and  t h e  l i n k ,  t h e  r e s u l t  c a n  be 
extended t o  multi-mesh gear t r a i n s  i n  a t r i v i a l  manner. 
See K .  Ogata: j, P r e n t i c e  H a l l  
Inc . ,  N . J . ,  1970 .  Equat ions ( 2 )  and ( 3 )  i n d i c a t e  t h a t ,  
as s e e n  by t h e  motor s h a f t ,  t h e  l i n k  i n e r t i a  a n d  
f r i c t i o n  are reduced  by a f a c t o r  o f  ( N j ) 2 .  Now,  t h e  
t o r q u e  r j( t)  g e n e r a t e d  by  t h e  j t h  s e r v o m o t o r  i s  
p r o p o r t i o n a l  t o  t h e  armature c u r r e n t  i j ( t )  ; t h a t  is, 
r,(t) = K a , i j ( t )  , and w i l l  cause  r o t a t i o n  of t h e  a r m a t u r e  
s h a f t  by d , & ) .  I n  a d d i t i o n ,  t h e  armature w i l l  e x e r t  a n  
"effective" t o r q u e  T j ( t )  on t h e  j t h  robo t  l i n k  t h r o u g h  
:he gear t r a i n .  Thus, t h e  mechanical equat ion  f o r  t h e  
j t h  a c t u a t o r  can  be expres sed  as (refer t o  K .  O g a t a ,  
suDra) 
A 
. 
Let u s  now deno te  the  a n g u l a r  displacement  of  t h e  j t h  
robot j o i n t  by 8 (t), where 
iue t o  t h e  gea r  t r a i n .  Then, (1) and ( 4 )  can be w r i t t e n  
Ln terms of 8 (t) as 
j 
B , ( t )  =N,d,( t )  ( 5 )  
j 
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J J  
r ,( t)  = K ~ ,  i,(t) = J ’2 + -  + N ,T , ( t )  
N ,  d t  N ,  d t  
( 7 )  
Climinat ing t h e  armature  c u r r e n t  i j  ( t) between (6) and 
( 7 1 ,  t h e  dynamic model of  t h e  j t h  a c t u a t o r  c a n  be 
iescribed by t h e  t h i r d  o rde r  d i f f e r e n t i a l  equa t ion  
:onsequen t ly ,  f o r  an  n - j o i n t e d  r o b o t ,  t h e  n j o i n t  
i c t u a t o r s  as a whole can be r e p r e s e n t e d  by t h e  ( 3 n ) t h  
Irder v e c t o r  d i f f e r e n t i a l  equat ion  
there V ( t ) ,  8(t) and T ( t )  are n x 1 vectors and  t h e  n x 
1 d i a g o n a l  matrices i n  (9)  are de f ined  by 
:n a t y p i c a l  DC servomotor ,  t h e  i n d u c t a n c e  of t h e  
i r m a t u r e  w i n d i n g  i s  i n  t h e  order o f  t e n t h s  of 
i i l l i h e n r i e s ,  w h i l e  i t s  r e s i s t a n c e  is  i n  t h e  order of a 
i e w  ohms. R e f e r  t o  J .  Y .  S .  Luh: Conven t iona l  
r o l l e r  Des ian  For  - t r ia l  Robots -- A T u t o r l a ,  
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IEEE Trans .  Systems, Man and Cyberne t ics ,  SMC 13(3) ,  pp. 
298-316, 1983. Thus, t h e  i n d u c t a n c e s  L j  can  s a f e l y  be 
leglected ( L j i J o )  and i n  t h i s  case t h e  a c t u a t o r  model 
( 9 )  reduces  ( 2 n ) t h  o rde r  model 
G 6 ( t )  + C b ( t )  + E T ( t )  = V ( t )  (10) 
r, + R j ) J  
fhere G j j = [ '  K;l ,N,  '1. I t  i s  s e e n  t h a t  t h e  
ipproximation L = S O  has r e s u l t e d  i n  A = D = 0, hence a 
lecrease i n  t h e  order of t h e  model f r o m  3n t o  2n. 
N o w  t h a t  t h e  j o i n t  a c t u a t o r s  have been modeled, w e  
; h a l l  c o n s i d e r  t h e  man ipu la to r  dynamics. I n  gene ra l ,  
:he dynamic model of an  n - j o i n t e d  man ipu la to r  which 
:elates t h e  n x 1 "effective" j o i n t  t o r q u e  vector T ( t )  
.o t h e  n x 1 j o i n t  angle  vector 8(t) can be w r i t t e n  as 
'See J. J. Craig: ot ics  -- M e a s  a n d  C o n t r o l ,  
Lddison Wesley Publ i sh ing  Company, Reading, MA, 1986) .  
j 
there m i s  t h e  payload mass, M* (m,@ i s  t h e  symmetric 
o s i t i v e - d e f i n i t e  n x n i n e r t i a  mat r ix ,  N* (m,e,e) is  the 
x 1 vector r e p r e s e n t i n g  t h e  t o t a l  t o r q u e  due  t o  
o r i o l i s  and c e n t r i f u g a l  t e r m ,  g r a v i t y  l o a d i n g  term, and 
r i c t i o n a l  t e r m .  The e lements  of  M* and N* are h igh ly  
omplex n o n l i n e a r  f u n c t i o n s  which  depend  on t h e  
a n i p u l a t o r  conf igu ra t ion  8 ,  t h e  speed of motion 6 ,  and 
he pay load  mass m .  On combining ( 1 0 )  and  (111, w e  
b t a i n  t h e  i n t e g r a t e d  dynamic model of t h e  manipulator- 
l u s - a c t u a t o r  system as 
, 
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where t h e  t e r m s  i n  (12) are def ined  as 
E q u a t i o n  ( 1 2 )  r e p r e s e n t s  a ( 2 n ) t h  o r d e r  c o u p l e d  
non l inea r  system w i t h  t h e  n x 1 i n p u t  v e c t o r  V ( t )  o f  t h e  
a rmature  voltages and t h e  n x 1 o u t p u t  v e c t o r  of 
the j o i n t  a n g l e s .  
Although t h e  manipulator  dynamic model (11) and t h e  
i n t e g r a t e d  system model ( 1 2 )  are both of  order ( 2 n ) ,  it 
i s  impor tan t  t o  n o t e  t ha t  t h e  i n t e g r a t e d  model ( 1 2 )  i s  a 
more a c c u r a t e  r e p r e s e n t a t i o n  of t h e  sys t em t h a n  t h e  
m a n i p u l a t o r  model ( l l ) ,  which does  n o t  i n c l u d e  t h e  
a c t u a t o r  dynamics .  T h i s  i s  due  t o  t h e  f o l l o w i n g  
c o n s i d e r a t i o n s :  
(i) Electrical  Parameters: The main c o n t r i b u t i o n  from 
t h e  e lec t r ica l  par t  o f  t h e  j o i n t  a c t u a t o r s  t o  t h e  
i n t e g r a t e d  sys tem dynamics is t h e  back-emf t e r m  K b e ( t )  
i n  ( 6 ) .  T h i s  t e r m  can have a s i g n i f i c a n t  effect on t h e  
robot  performance when the  speed o f  motion d ( t )  i s  high.  
Note t h a t  t h e  back-emf appears  as an  i n t e r n a l  damping 
t e r m ,  c o n t r i b u t i n g  t o  t h e  c o e f f i c i e n t  o f  e(t) i n  ( 1 2 ) .  
The o t h e r  e l e c t r i c a l  parameter i s  t h e  armature 
r e s i s t a n c e  R which a p p e a r s  i n  (6) and c o n v e r t s  t h e  
a p p l i e d  a rmature  voltage v ( t )  t o  t h e  c u r r e n t  i ( t )  and i n  
t u r n  t o  t h e  d r i v i n g  to rque  T ( t )  . 
(ii) Mechanical Parameters. The  major c o n t r i b u t i o n  from 
the  mechanical  p a r t  of  t h e  j o i n t  a c t u a t o r s  t o  t h e  robo t  
performance is due t o  t h e  gear ra t ios  N [c 11 of t h e  gear 
t r a i n s  coup l ing  t h e  motor shaf ts  t o  t h e  robot  l i n k s .  A s  
seen  from ( 4 1 ,  t h e  " e f f e c t i v e "  d r i v i n g  t o r q u e  on t h e  j t h  
l i n k  i s  reduced  by a f a c t o r  o f  N j  as s e e n  by t h e  j t h  
j o i n t  a c t u a t o r .  I n  a d d i t i o n ,  from ( 2 )  and  ( 3 ) ,  t h e  
moments of  i n e r t i a  and f r i c t i o n  c o e f f i c i e n t s  of t h e  j t h  
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l i n k  are a l s o  reduced by a f a c t o r  of  ( N  ) 2  as seen  by 
t h e  motor s h a f t .  T h i s  i m p l i e s  t h a t  t h e  mechan ica l  
p a r a m e t e r s  of j o i n t  motors ,  namely t h e  motor  s h a f t  
i n e r t i a  and  f r i c t i o n ,  can have a s i g n i f i c a n t  effect  on 
t h e  o v e r a l l  system performance; p a r t i c u l a r l y  i n  r o b o t s  
w i t h  l a r g e  gear r a t i o s  such  a s  PUMA 560 where N j  i s  
t y p i c a l l y  1 : l O O .  
3 .  TRACKING CONTROL SCHEME 
Given t h e  i n t e g r a t e d  dynamic model  o f  t h e  
manipula tor -p lus-ac tua tor  system a s  
(13) M(m,$6 + N (m,8,8) = V 
T h e  t r a c k i n g  c o n t r o l  problem i s  t o  d e v i s e  a c o n t r o l  
system which g e n e r a t e s  t h e  a p p r o p r i a t e  a rmature  v o l t a g e s  
V ( t )  so  as  t o  ensu re  t h a t  t h e  j o i n t  a n g l e s  8(t) f o l l o w  
any s p e c i f i e d  r e f e r e n c e  t r a j e c t o r i e s  b r ( t )  as c l o s e l y  as 
possible, where er(t)  i s  an  n x 1 v e c t o r .  
T h e  i n t u i t i v e  s o l u t i o n  t o  t h e  t r a c k i n g  c o n t r o l  
problem i s  t o  employ t h e  f u l l  dynamic model (13) i n  t h e  
c o n t r o l  scheme i n  o r d e r  t o  cancel o u t  t h e  n o n l i n e a r  
terms i n  (13) .  T h i s  approach is commonly known as t h e  
C o m p u t e d  Torque Technique (see B. R. Markiewicz, -), 
and y i e l d s  t h e  c o n t r o l  law 
where K, and K, are c o n s t a n t  d i agona l  n x n p o s i t i o n  
and v e l o c i t y  feedback ga in  matrices. T h i s  r e s u l t s  i n  
t h e  e r r o r  d i f f e ren t i a l  equat ion  
e(t) + K v e ( t )  + K , e ( t )  = 0 (15) 
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where e(t) =0 , ( t )  -0 ( t )  i s  t h e  n x 1 v e c t o r  o f  p o s i t i o n  
t r a c k i n g - e r r o r s .  When t h e  d iagonal  elements of Kp and 
K, are p o s i t i v e ,  (15) i s  stable; implying t h a t  
e(t)+O or  0( t )+6 , ( t )  as t+= ,  i . e .  t r a c k i n g  i s  
achieved. I n  t h e  c o n t r o l  l a w  ( 1 4 ) ,  w e  have i m p l i c i t l y  
made a f e w  a s s u m p t i o n s  which a re  r a r e l y  t r u e  i n  
p r a c t i c e .  The major  problem i n  implementing ( 1 4 )  i s  
t h a t  t h e  v a l u e s  o f  t h e  parameters  i n  t h e  m a n i p u l a t o r  
model (13) are o f t e n  no t  known a c c u r a t e l y .  T h i s  i s  
p a r t i c u l a r l y  t r u e  of  t h e  f r i c t i o n  t e r m  and t h e  payload  
mass. Another problem i n  implementation of  ( 1 4 )  i s  t h a t  
t h e  e n t i r e  dynamic model (13) of t h e  manipulator  must be 
computed on - l ine  i n  rea l  t i m e .  These computat ions are 
q u i t e  involved ,  and t h e  computer expense may make t h e  
scheme economical ly  u n f e a s i b l e .  
I n  a n  a t t e m p t  t o  overcome t h e  a f o r e - m e n t i o n e d  
l i m i t a t i o n s  of t h e  Computed Torque Technique, a new 
t r a c k i n g  c o n t r o l  philosophy of t h e  inven t ion  i s  proposed 
i n  t h i s  s e c t i o n .  T h e  u n d e r l y i n g  c o n c e p t  i n  t h i s  
i n v e n t i o n  is  t h a t  t he  f u l l  dynamic model is  n o t  r e q u i r e d  
i n  order t o  achieve t r a j e c t o r y  t r a c k i n g  and t h e  l a c k  of 
knowledge of f u l l  dynamics can r e a d i l y  be compensated 
fo r  by t h e  i n t r o d u c t i o n  of "adapt ive  e lements"  i n  t h e  
c o n t r o l  sys tem.  S p e c i f i c a l l y ,  t h e  proposed t r a c k i n g  
c o n t r o l  system, F igu re  2 ,  i s  composed of t w o  components: 
the  nominal feedforward c o n t r o l l e r  220 and t h e  a d a p t i v e  
feedback c o n t r o l l e r  250. I n  F igu re  2 ,  t h e  block 235 
r e p r e s e n t s  t h e  manipula tor  p l u s  a c t u a t o r s  o f  t h e  t y p e  
g e n e r a l i z e d  ear l ier  he re in .  The output  s i g n a l s  on leads 
240 and 245 are t h e  a c t u a l  v e l o c i t y  and a c t u a l  p o s i t i o n  
of t h e  system as sensed i n  any w e l l  known manner. Three 
separate i n p u t  t e r m s  are dep ic t ed  a t  leads 201, 202, and 
203.  The s i g n a l s  on these i n p u t  leads r e p r e s e n t ,  
r e s p e c t i v e l y ,  desired p o s i t i o n  (or) on lead 201, desired 
v e l o c i t y  (2,) on l e a d  202, and d e s i r e d  a c c e l e r a t i o n  ( & I  
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on l e a d  203. The feedforward  contro1,er  220 conta ,ns  
computat ion e lements  205 and  210. Computation e l e m e n t s  
205 and  210 t a k e  t h e  known information t h a t  i s  available 
about t h e  manipulator /system and compute, based upon t h e  
i n p u t  s i g n a l s  a t  leads 201, 202, o r  203 the  a v a i l a b l e  
p a r t i a l  i n f o r m a t i o n  t h a t  i s  fed t o  a summing j u n c t i o n  
215. T h e  ou tpu t  f r o m  summing junc t ion  215 i s  a s i g n a l  
V,, which s i g n a l  i s  i n  t u r n  f e d  i n t o  a n o t h e r  s i g n a l  
j u n c t i o n  230. The s i g n a l  V, from j u n c t i o n  215 i s  t h e  
feedforward component of  t h e  t o t a l  command s i g n a l  V t h a t  
is deve loped  by t h e  i n v e n t i o n  a t  l e a d  232 i n t o  t h e  
manipula tor  p l u s  a c t u a t o r s  235. S i n c e  the  feedforward 
loop 220 i s  model-based, any known information about  t h e  
n a n i p u l a t o r s  o r  t h e  a c t u a t o r  system i s  i n p u t  i n t o  t h e  
c o n t r o l  l oop .  Data on t h e  manipula tor  dynamics can be 
used f o r  real-time c o n t r o l  a t  t h e  r e q u i r e d  sampl ing  
r a t e .  Such in fo rma t ion  can  be, f o r  i n s t a n c e ,  o n l y  t h e  
g r a v i t y  l o a d i n g  t e r m  or t h e  manipula tor  f u l l  dynamics 
sxc lud ing  the payload .  The feedforward c o n t r o l l e r  220 
is model-based and  it ac ts  on t h e  desired j o i n t  
t r a j e c t o r y  8,(t) t o  p roduce  t h e  ac tua to r s  d r i v i n g  
lroltage V , ( t )  . 
The r o l e  o f  t h e  feedback  c o n t r o l l e r  250 i s  t o  
generate t h e  corrective actuator voltage v,(t) I based on 
:he t r a c k i n g - e r r o r  e ( t ) ,  t h a t  needs t o  be  added t o  V,(t) 
:o complement t h e  feedforward controller.  The  feedback 
: o n t r o l l e r  250 i s  composed o f  a d a p t i v e  p o s i t i o n  and  
r e l o c i t y  feedback terms and an a u x i l i a r y  s i g n a l  f ( t ) .  
rhe feedback g a i n s ,  K , ( t )  a t  e lement  240 and K p ( t )  a t  
Slement 242  are v a r i e d  i n  accordance w i t h  an  a d a p t a t i o n  
Law t h a t  i s  described i n  g r e a t e r  d e t a i l  hereinaf ter .  
S u f f i c e  it t o  s a y  a t  t h i s  p o i n t  t h a t  t h e  error  
: e r m s  and t h e  desired terms f o r  p o s i t i o n  and v e l o c i t y  
ire a d a p t e d  t o  form an a d a p t a t i o n  component, V,, a t  
junc t ion  230 which i s  then  combined with t h e  feedforward 
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component V, from loop 220 in order to yield the total 
command signal for the control system of this invention. 
Thus, the feedback loop 250 employs these stated signals 
which are updated continuously in real time to cope 
with the nonlinear nature of the system and 
uncertainties/variations in the manipulator parameters 
or payload. The feedforward and feedback controllers 
220, 250 are now discussed separately in Sections 3.1 
and 3.2. 
3.1 NOMINAL FEEDFORWARD CONTROLLER 
Suppose that some partial knowledge about the 
manipulator dynamic model (13) is available in the form 
of "approximations" to {M (m,8), N(m,e, 6)) denoted by 
~ M o ~ m o , ~ r ~ , ~ o ~ ~ o , ~ r , ~ r ~ ,  where m, is an estimate of m. 
Note that {M,N,} are functions of the reference 
trajectory er(t) instead of the actual trajectory e(t). 
The information available in M, and No can vary widely 
depending on the particular situation. For instance, we 
can have Mo(mo,er) = o and No(mo,er~r) = G(m,Or), 
where only gravity information is available. Likewise, 
it is possible to have Mo(mo,8,) =M(O,e,) and 
N0(q,,f),, 6,) = N (O,f),,8,) 
where no information about the payload is available. 
Furthermore, the matrices M, and No may have either a 
"centralized" or a "decentralized" structure. In the 
centralized case, each element of M, and No can be a 
function of all joint variables. In the "decentralized" 
case, [M,]ii and [Noli are functions only of the ith 
joint variable and [blij = 0 for all if j . 
The nominal feedforward controller is described by 
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n x 1 nominal c n t r o l  v o l t a g e  v e c t o r  and 
t h e  c o n t r o l l e r  o p e r a t e s  on t h e  r e f e r e n c e  t r a j e c t o r y  
0.(t) i n s t e a d  of t h e  a c t u a l  t r a j e c t o r y  e ( t ) .  I t  i s  
impor tan t  t o  r e a l i z e  t h a t  M, and No are based s o l e l y  on 
t h e  i n f o r m a t i o n  a v a i l a b l e  on t h e  man ipu la to r  dynamics 
which i s  used  i n  t h e  real-time c o n t r o l  system of t h i s  
i n v e n t i o n .  The c o n t r o l l e r  matrices {Mor N o )  c a n  
t h e r e f o r e  be l a r g e l y  d i f f e r e n t  from the  model m a t r i c e s  
{ M , N )  due t o  lack of complete in fo rma t ion ,  o r  due t o  
computa t iona l  c o n s t r a i n t s .  For i n s t a n c e ,  i n  some cases 
w e  may w i s h  t o  discard some elements  of M and N i n  o r d e r  
t o  reduce t h e  on- l ine  computational burden, even i f  t h e  
f u l l  knowledge of manipulator  dynamics i s  a v a i l a b l e .  
3 . 2  ADAPTIVE FEEDBACK CONTROLLER 
I n  c o n t r a s t  t o  t h e  f eed fo rward  c o n t r o l l e r  2 2 0 ,  
F i g u r e  2 ,  t h e  feedback c o n t r o l l e r  250 does n o t  assume 
any a p r i o r i  knowledge of t he  dynamic model o r  parameter 
values  o f  t h e  man ipu la to r  p l u s  a c t u a t o r s  235. T h i s  
c o n t r o l l e r  250 o p e r a t e s  s o l e l y  on t h e  basis of t h e  
t r a c k i n g  per formance  of , the  m a n i p u l a t o r  t h rough  t h e  
t r a c k i n g - e r r o r  e ( t ) .  The c o n t r o l l e r  250 i s  a d a p t i v e  and 
i t s  g a i n s  are a d j u s t e d  c o n t i n u o u s l y  i n  real-time by 
s imple  a d a p t a t i o n  laws t o  ensure  c losed- loop  s t a b i l i t y  
and desired tracking performance. The on-line 
a d a p t a t i o n  compensa te s  f o r  t h e  c h a n g i n g  dynamic 
characteristics of t h e  manipulator  due t o  v a r i a t i o n s  i n  
i t s  c o n f i g u r a t i o n ,  speed, and payload. 
The a d a p t i v e  feedback c o n t r o l l e r  i s  desc r ibed  by 
V,(t) = f ( t )  + K , ( t ) e ( t )  + K, (t)e(t) (17) 
where V,(t)  
e(t) = 8,(t) -0( t )  i s  t h e  n x 1 p o s i t i o n  t r a c k i n g - e r r o r  
v e c t o r ,  f ( t )  is  an n x 1 a u x i l i a r y  s i g n a l  gene ra t ed  by 
t h e  a d a p t a t i o n  scheme, and  { K , ( t ) , K , ( t ) )  a r e  t h e  n x n 
i s  t h e  n x 1 adap t ive  c o n t r o l  v o l t a g e  vec to r ,  
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adjus tab le  PD feedback gain mat r ices .  T h e  feedback 
c o n t r o l  law ( 1 7 )  can be e i t h e r  "cen t r a l i zed"  o r  
"decen t r a l i zed .  'I For t h e  c e n t r a l i z e d  case ,  t h e  
c o n t r o l l e r  adapta t ion  laws a r e  obtained a s  I have 
d iscussed  i n  my paper e n t i t l e d  New t o  
t i v e  ~ m t r o l  of M-, ASME Journa l  of 
Dynamic Systems, Measurement, and Control, Vol. 109 ,  N o .  
3, pp. 193-202, 1987.  For the  decent ra l ized  cont ro l  
case, t h e  gains  { K , ( t ) , K v ( t ) ]  a r e  diagonal matrices and 
t h e i r  i t h  diagonal  elements a r e  obtained from t h e  
adaptation laws ( 2 1 )  - ( 2 4 )  w i t h  e ( t )  replaced by e i ( t ) .  
See, f o r  f u r t h e r  explanat ion my paper H .  S e r a j i :  
t i v e  C a n t r o l  of -tors: Th- 
E-tion, I E E E  Journa l  of 
Robotics and Automation, 1988,  ( t o  a p p e a r ) .  T h e  
cen t ra l ized  case y ie lds  t h e  cont ro l le r  adaptation l a w s  
as 
where the  prime denotes transposit ion,  and r ( t )  i s  the  n 
x 1 vector of "weighted" posit ion-velocity e r r o r  defined 
a s  
r(t) = W,e (t) + W, e(t)  ( 2 1 )  
I n  ( 1 8 ) - ( 2 1 ) ,  {y1,al,P1} a r e  z e r o  o r  p o s i t i v e  
proport ional  adaptation gains, {Y2,a2 ,P2}  are pos i t ive  
in tegra l  adaptation gains, and W, = diagi(w,i) and 
Wv=diag,(wv,) a r e  constant n x n matrices which contain 
the  pos i t i on  and ve loc i ty  weighting f a c t o r s  f o r  a l l  
j o i n t s .  In tegra t ing  (18)  - ( 2 0 )  i n  the  t i m e  i n t e rva l  
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S i n c e  t h e  i n i t i a l  v a l u e s  of t h e  r e f e r e n c e  and a c t u a l  
t r a j e c t o r i e s  are  t h e  same, w e  have e(0) = e ( 0 )  = r(0) = 0 .  
T h i s  y i e l d s  t h e  P r o p o r t i o n a l  + I n t e g r a l  (P+I)  a d a p t a t i o n  
l a w s  
f(t) = f(0) + 7, r(t) + y, jotr (t) d t  (22) 
( 2 3 )  
(24 )  
K p ( t )  =Kp(0) + alr(t)e’(t) +aZIotr(t)e’(t)dt 
K , ( t )  =K,(O) + P,r(t)g(t) + P,jotr(t)&‘(t)dt 
I t  i s  n o t e d  t h a t  t h e  choice o f  {WprWv)  affects  a l l  
a d a p t a t i o n  rates i n  (22) - (24) s imul taneous ly ;  whereas 
the a d a p t a t i o n  ra te  f o r  each t e r m  I f ( t ) , K p ( t ) , K v ( t ) )  can be 
sffected i n d i v i d u a l l y  be t h e  s e l e c t i o n  of {Y,,ai,P,} 
independent ly .  The p r o p o r t i o n a l  t e r m s  i n  t h e  a d a p t a t i o n  
l a w s  (22) - (24 )  act t o  i n c r e a s e  t h e  rate of convergence 
D f  t he  t r a c k i n g - e r r o r  e ( t )  t o  z e r o .  T h e  u s e  of P + I  
adap ta t ion  l a w s  a l so  y i e l d s  inc reased  f l e x i b i l i t y  i n  t h e  
g e s i g n ,  i n  a c c o r d a n c e  w i t h  t h e  f e a t u r e s  of t h e  
inven t ion ,  by p r o v i d i n g  a larger f ami ly  of a d a p t a t i o n  
schemes than  o b t a i n e d  by t h e  conven t iona l  I a d a p t a t i o n  
L a w s .  
The p h y s i c a l  i n t e r p r e t a t i o n  of t h e  a u x i l i a r y  s i g n a l  
is ob ta ined  by s u b s t i t u t i n g  from (21) i n t o  (22) t o  y i e l d  
f(t) = f(0) +yl[wpe(t)  +wve( t ) l+y2~o t [Wpe( t )  + Wve(t)ldt (25) 
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Hence, f ( t )  can be gene ra t ed  by a P I D  c o n t r o l l e r  w i - h  
f i x e d  g a i n s  a c t i n g  on t h e  t r a c k i n g - e r r o r  e ( t )  . Thus ,  
t h e  feedback c o n t r o l l e r  (17) can be r e p r e s e n t e d  by t h e  
PID c o n t r o l  l a w  
V a ( t )  = f(0) + K ' p ( t ) e ( t )  +K:* A ) & ( t )  +K:[e(t)dt 
where 
i K I = y z W P  
I t  i s  seen  t h a t  t h e  feedback c o n t r o l l e r  250 as  d e f i n e d  
i n  accordance w i t h  equa t ion  (26 )  i s  composed of three 
t e r m s  wh ich  a r e  e f f e c t i v e  d u r i n g  t h e  i n i t i a l ,  
i n t e rmed ia t e ,  and f i n a l  phases  of motion: 
(i) The i n i t i a l  a u x i l i a r y  s i g n a l  f ( 0 )  can be chosen t o  
overcome t h e  s t i c t i o n  ( s t a t i c  f r i c t i o n )  and compensate 
f o r  t h e  i n i t i a l  g r a v i t y  loading .  T h i s  t e r m  improves t h e  
r e sponses  of t h e  j o i n t  a n g l e s  du r ing  t h e  i n i t i a l  phase 
of motion. 
(ii) The a d a p t i v e - g a i n  PD t e r m  K ' , ( t ) e ( t )  +K:A)&(t) i s  
r e s p o n s i b l e  f o r  t h e  t r a c k i n g  performance d u r i n g  gross 
motion wh i l e  t h e  manipulator  model is h i g h l y  n o n l i n e a r ,  
i . e . ,  the changes of 8 ( t )  and 6(t) are large.  Each gain 
z o n s i s t s  of a f i x e d  p a r t  and a n  adap t ive  pa r t .  The on- 
Line ga in  a d a p t a t i o n  i s  necessary  i n  order t o  compensate 
€or t h e  changing dynamics d u r i n g  t h e  i n t e r m e d i a t e  phase 
3f motion. 
(iii) The f ixed-gain I t e r m  ~ ' f e ( t ) d t  takes care of t h e  
I o  
Eine motion i n  t h e  s t eady- s t a t e ,  while  t h e  changes of  
&t) and 6(t) are small  and the  man ipu la to r  model i s  
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approximately l i n e a r .  Thus the  I term cont r ibu tes  
during the f i n a l  phase of motion. 
3.3 TOTAL CONTROL SYSTEM OF THE I N V E N T I O N  
The t o t a l  cont ro l  s y s t e m  i s  obtained by combining 
t h e  nominal feedforward c o n t r o l l e r  220  opera t ing  i n  
accordance w i t h  equation (16)  and t h e  adaptive feedback 
con t ro l l e r  250 operat ing i n  accordance w i t h  equation 
( 1 7 )  a s  shown i n  Figure 2 t o  yield the  control  l a w  
V ( t )  = V,(t)  + V,(t)  (28) 
= wo(mo,er)er +~.(m.,e.,6.)1+ [f(t) + K,(t)e(t) + K , w & ~ ) J  
where V i s  t h e  t o t a l  voltage applied a t  t h e  ac tua tors .  
I t  i s  important  t o  note  t h a t  i n  t h i s  c o n t r o l  
configuration, closed-loop s t a b i l i t y  i s  not a f fec ted  by 
the  feedforward cont ro l le r .  
I shal l  now discuss two extreme cases: 
Case i: UNKNOWN MANIPULATOR MODEL 
When no a p r i o r i  information i s  ava i lab le  on the  
manipulator dynamic model, t h a t  is, M, = No = 0, t h e  
feedforward cont ro l le r  has no contribution, i . e .  V , ( t )  = 
0. In  t h i s  case, the control system approach reduces t o  
t h e  adaptive feedback control law 
V ( t )  = f ( t )  + K , ( t ) e ( t )  + K ,  &)e&) (29)  
w h i c h  can be implemented w i t h  a high sampling ra te .  
Case ii: FULL MANIPULATOR MODEL 
When the  f u l l  dynamic model and accurate parameter 
values of t h e  manipulator, ac tua tors  and payload a r e  
ava i lab le  f o r  on-line control ,  t ha t  i s  M, = M and N o  = 
N, t h e  feedforward cont ro l le r  can generate t h e  required 
ac tua tor  voltage V , ( t )  . I n  t h i s  case, t h e  adaptation 
process can be switched off and the  feedback cont ro l le r  
reduces t o  a fixed-gain P D  c o n t r o l l e r  {K,(O),V,,v(O)).  
The control  law i s  now given by 
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V ( t )  = M(m, 
2 4  
r ) 6 r + N ( m , 0 r , 6 r )  +K,(O 2 
which i s  the  feedforward version 
+ K, (O)e(t) (30) 
of the  Computed Torque 
Technique. See, f o r  example, P.K.Khosla and T .  Kanade: 
E v W o n  of N o w a r  Feedback and 
rward C a t r o l  Schemes For Maxuu.btorS, In t e rn .  
Journ. of Robotics Research, Vol. 7 ,  No. 1, pp. 18-28, 
1988. 
I have concluded t h a t  there  i s  a trade-off between 
t h e  a v a i l a b i l i t y  of a f u l l  dynamic model and t h e  
cont ro l le r  adaptation process. I n  the  range of possible 
operat ion,  one can go from one extreme of no model 
knowledge and f u l l y  adaptive cont ro l le r ,  t o  the  o ther  
extreme of f u l l  model knowledge and non-adaptive 
con t ro l l e r .  
4 .  D I G I T A L  CONTROL ALGORITHM 
I n  Section 3,  it i s  assumed t h a t  the control  act ion 
i s  gene ra t ed  and app l i ed  t o  t h e  manipulator i n  
continuous time. I n  p rac t i ca l  implementations, however, 
manipulators  are  c o n t r o l l e d  by means of d i g i t a l  
computers i n  d i s c r e t e  t i m e .  I n  o ther  words, t h e  
computer receives the  measured data ( j o i n t  posi t ions 0 )  
and t r a n s m i t s  t h e  control  s ignal  (actuator  voltages V) 
ever T, seconds, where T, i s  the  sampling period. I t  i s  
therefore n e c e s s a r y  to re formulate  t h e  manipulator  
cont ro l  problem i n  d i sc re t e  time from t h e  ou tse t .  I n  
p r a c t i c e ,  however, t h e  sampling period T, i s  o f t e n  
s u f f i c i e n t l y  small t o  allow u s  t o  t r e a t  the manipulator 
as a continuous system and d i s c r e t i z e  t h e  continuous 
control  law t o  obtain a d i g i t a l  control algorithm. T h i s  
approach i s  f e a s i b l e  f o r  t h e  invention, s ince  t h e  on- 
l i n e  computations involved fo r  real-time control control  
a r e  very small; allowing high r a t e  sampling t o  be 
implemented. 
I n  order  t o  d i s c r e t i z e  the  cont ro l  law, l e t  u s  
cons ider  t h e  adapta t ion  laws (18) - ( 2 0 )  f o r  t h e  
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zk c o n t r o l l e r  and  in t eg ra t e  t h e m  i n  t h e  t i m e  
i n t e r v a l  [ (N-l)T,,NT,] t o  obtain 
f (n) = f ( N  - 1) + y Ir (N)  - r (N - 1) I + 7 ,  - -j- k ( N )  + r ( N  - 113 
K,(N) = K,(N - 1) + al [r(N)e’(N) - r ( N  - l )e ’ (N - 111 
TS 
TS + a2 7 [r(N)e’(N) + r ( N  - l)e’(N - 111 
T, + p, - 2 [ r ( N ) g ( N )  + r ( N  - l ) g ( N  - 111 
w h e r e  N and N-1  denote the  s a m p l e  i n s t a n t s  and  refer t o  
t = NT, and  t = ( N - l I T , ,  e ( N )  = 6 = ( ~ )  - 6 ( ~ )  i s  t h e  
discrete pos i t ion  error, and t h e  i n t eg ra l s  are evaluated 
by t h e  t rapezoida l  r u l e .  The discrete adaptation l a w s  
can be w r i t t e n  as 
r ( N )  = W,e(N)  + W, &(N) (31) 
r rn 1 
(33) 
( 3 4 )  
In  t h e  above e q u a t i o n s ,  w e  have a s s u m e d  t h a t  t h e  
discrete ve loc i ty  error e ( N )  is  d i r e c t l y  available u s i n g  
3 t a c h o m e t e r ;  o t h e r w i s e  t h e  v e l o c i t y  e r ro r  m u s t  be 
E o r m e d  i n  s o f t w a r e  as e ( N ) =  e ( N )  - e ( N  - 1) . Equa t ions  
TS 
(31) - ( 3 4 )  c o n s t i t u t e  t h e  recursive a l g o r i t h m  f o r  
Jpdating t h e  feed-back cont ro l le r .  
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L e t  u s  now e v a l u a t e  t h e  number of on - l ine  
mathematical operations t h a t  need t o  be performed i n  
each sampling period T, t o  form the  d i sc re t e  feedback 
control  l a w  
V,(N) = f ( N )  + K , ( N ) e ( N )  + K v ( N ) & ( N )  (35) 
where e(N) and e(N) a r e  assumed t o  be avai lable .  For a 
cen t r a l i zed  feedback con t ro l l e r ,  the  t o t a l  numbers of 
add i t ions  and mul t ip l i ca t ions  i n  forming V,(N) a r e  
equal t o  6n2 + 3n and 61-12 + 8n, respectively, where n i s  
the  number of manipulator j o i n t s .  For a decentralized 
feedback c o n t r o l l e r ,  t h e  numbers of operat ions are  
reduced t o  9n addi t ions and 14n mult ipl icat ions.  T h e  
s m a l l  number of mathematical operations, pa r t i cu la r ly  i n  
t h e  decentralized case, suggests t ha t  w e  can implement a 
d i g i t a l  servo loop w i t h  a high sampling ra te ,  i . e .  very 
small T,. T h i s  i s  a very important feature  i n  d i g i t a l  
control  since slow sampling r a t e s  degrade t h e  t racking  
performance of t h e  manipulator, and may even lead t o  
closed-loop i n s t a b i l i t y .  
L e t  us now t u r n  t o  t h e  d iscre te  feedforward cont ro l  
l a w  
V,(N) = M , [ m d ~ ~ ( N ) I 6 , ( N )  +N, [m,~ , (N) ,b , (N) I  (36) 
where (),(N) and 6 , ( ~ )  a r e  d i r e c t l y  ava i lab le  from t h e  
t r a j ec to ry  generator. Since the  feedforward con t ro l l e r  
i s  "outside" t h e  servo loop, it i s  possible t o  have a 
fas t  servo loop around the  feedback control ler ,  and the  
feedforward voltage v,(N) i s  then added a t  a slower 
r a t e .  Furthermore, the feedforward control action V,(N) 
i s  computed as  a function of the  reference t r a j ec to ry  
e r ( N )  only. I n  applications where the desired path 
e$) i s  known i n  advance, t he  values of t he  vol tage 
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, ( N )  can be computed " o f f - l i n e "  b e f o r e  mot ion  b e g i n s  
and s t o r e d  i n  a look-up tab le  i n  t h e  computer  memory. 
A t  run t i m e ,  t h i s  precomputed v o l t a g e  h i s t o r y  i s  t h e n  
s imply  r e a d  o u t  of t h e  look-up table  and u s e d  i n  t he  
c o n t r o l  law. Such a n  approach can be q u i t e  i n e x p e n s i v e  
c o m p u t a t i o n a l l y  a t  r u n  t i m e ,  w h i l e  a l l o w i n g  
i m p l e m e n t a t i o n  o f  a h i g h  s e r v o  r a t e  f o r  feedback 
c o n t r o l .  
The t o t a l  c o n t r o l  l a w  i n  d i s c r e t e  t i m e  i s  g i v e n  by 
V W  = V,(N) + V, (N) 
(37)  = M o [ m o , e r ( N ) l ~ r ( N )  + N , [ m , , ~ , ( N ) , ~ , ( N ) I  
+ f ( N )  + K , ( N ) e ( N )  + K v ( N ) e ( N )  
Equa t ions  (31)  - (37)  c o n s t i t u t e  t h e  d i g i t a l  c o n t r o l  
a lgor i thm t h a t  i s  implemented f o r  o n - l i n e  computer  
c o n t r o l  of r o b o t i c  manipula tors .  
5. ROBUST ADAPTIVE CONTROL 
The a d a p t a t i o n  laws f o r  t h e  feedback c o n t r o l l e r  as 
d e s c r i b e d  i n  S e c t i o n  3 are  d e r i v e d  u n d e r  t h e  i d e a l  
c o n d i t i o n s  where unmodeled dynamics i s  n o t  p r e s e n t  and 
d i s t u r b a n c e s  do  n o t  a f f e c t  t h e  s y s t e m .  I n  s u c h  
i d e a l i s t i c  c o n d i t i o n s ,  t h e  ra te  of change of a t y p i c a l  
feedback g a i n  K ( t )  which acts on t h e  s i g n a l  s ( t )  i s  
found t o  be that  set f o r t h  below i n  equation number 
( 3 8 ) .  I n  e x p r e s s i n g  t h i s  r e l a t i o n s h i p  t h e  a u x i l i a r y  
s i g n a l  f ( t ) ,  i s  developed by s e t t i n g  s(t) 1. 
where P I  and P I  are scalar a d a p t a t i o n  g a i n s .  Ex tens ive  
s i m u l a t i o n  and exper imenta l  s t u d i e s  sugges t  that  too l o w  
a d a p t a t i o n  g a i n s  r e s u l t  i n  smooth v a r i a t i o n s  i n  K ( t)  ,
b u t  poor  t r a c k i n g  performance.  On t h e  o the r  hand, too 
high a d a p t a t i o n  g a i n s  lead t o  o s c i l l a t o r y  a n d  n o i s y  
behavior  of K ( t ) ,  bu t  y i e l d  p e r f e c t  t rajectory t r a c k i n g .  
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( N o t e  t h a t  f o r  b o t h  low and h igh  a d a p t a t i o n  g a i n s ,  t h e  
range of c o n t r o l  voltage i s  more o r  less t h e  same, s i n c e  
it i s  p r i m a r i l y  dependent on t h e  r e f e r e n c e  t r a j e c t o r y  
snd manipula tor  dynamics) . T h i s  argument s u g g e s t s  t h a t  
Large a d a p t a t i o n s  g a i n s  are necessary t o  main ta in  a high 
speed of c o n t r o l l e r  a d a p t a t i o n  i n  o r d e r  t o  ensu re  r a p i d  
Zonvergence of t h e  t r a c k i n g - e r r o r  e ( t )  t o  z e r o .  I n  
>ractice,  t h e  a d a p t a t i o n  g a i n s  cannot  be selected t o o  
Large due t o  a phenomenon known as  " f a s t  a d a p t a t i o n  
i n s t a b i l i t y . "  When t h e  speed of a d a p t a t i o n ,  i . e .  & ) ,  
is t oo  high, t h e  g a i n  K ( t )  d r i f t s  t o  large v a l u e s  and 
2 x c i t e s  t h e  unmodeled dynamics ( p a r a s i t i c )  of t h e  
system, which i n  t u r n  leads t o  i n s t a b i l i t y  of t h e  
: o n t r o l  system. High speed of a d a p t a t i o n  can be e i ther  
lue  t o  large a d a p t a t i o n  g a i n s  o r  f a s t  r e f e r e n c e  
: r a j e c t o r y .  Another mechanism f o r  i n s t a b i l i t y  can be 
)bserved i n  d e c e n t r a l i z e d  adapt ive  c o n t r o l  systems.  The 
. n t e r c o n n e c t i o n s  among subsys tems c a n  c a u s e  l o c a l  
: o n t r o l l e r  parameters d r i f t  t o  large v a l u e s  and  hence 
! x c i t e  t h e  p a r a s i t i c  and  lead t o  i n s t a b i l i t y .  For 
n s t a n c e ,  a high ampl i tude  o r  high f requency  r e f e r e n c e  
Lra j ec to ry  of one subsystem can d e s t a b i l i z e  t he  l o c a l  
idaptive c o n t r o l l e r  of another  subsystem by e x c i t i n g  i t s  
)arasi t ic  through the in t e rconnec t ions .  
W e  c o n c l u d e  t h a t  i n  an a d a p t i v e  robot c o n t r o l  
iystem, u n s t a b l e  b e h a v i o r  can be obse rved  w i t h  large 
.dap ta t ion  rates or  high degree of i n t e r j o i n t  coupl ings .  
t i s  u n f o r t u n a t e  t h a t  i n  t r y i n g  t o  compensate for  the  
:hange i n  t h e  system, t h e  adapt ive  c o n t r o l l e r  may become 
e n s i t i v e  t o  i t s  own parameters. 
I s h a l l  now d i s c u s s  two p o s s i b l e  approaches  fo r  
v o i d i n g  t h e  fas t  a d a p t a t i o n  i n s t a b i l i t y :  
.1 TIME-VARYING ADAPTATION GAINS 
From e q u a t i o n  ( 3 8 ) ,  it i s  seen  t h a t  t h e  speed  of 
d a p t a t i o n  K(t) d epends  on t h e  magn i tude  o f  t h e  
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a d a p t a t i o n  gains  (Pl,P2) and on t h e  weight-d t r a c k i n g -  
e r r o r  r ( t )  . Simulation s t u d i e s  w i t h  c o n s t a n t  a d a p t a t i o n  
ga in  algorithms sugges t  t h a t  high g a i n s  lead t o  fas te r  
convergence of t h e  t r ack ing -e r ro r  t o  ze ro .  However, i n  
the  i n i t i a l  phase o f  adap ta t ion ,  t h e  weighted t r a c k i n g -  
e r r o r  r ( t )  i s  l a r g e  (e .g .  due t o  s t a t i c  f r i c t i o n )  and 
too high a va lue  of a d a p t a t i o n  g a i n  c a u s e s  i n s t a b i l i t y  
?roblems. As t h e  a d a p t a t i o n  p rocess  goes on, t h e  t e r m  
r ( t )  decreases and a t  t h i s  t i m e  t h e  a d a p t a t i o n  g a i n  i s  
inc reased  i n  o r d e r  t o  achieve  fas ter  convergence. With 
:his mot iva t ion ,  t h e  cons t an t  a d a p t a t i o n  g a i n s  p l  a n d  
p 2  i n  ( 3 8 )  are rep laced  by p o s i t i v e  t ime-varying g a i n s  
p l ( t )  a n d  P2( t )  w i t h o u t  a f f e c t i n g  t h e  s t a b i l i t y  
m a l y s i s .  The t i m e  func t ions  pl(t)  and p,(t) s t a r t  w i t h  
s m a l l  i n i t i a l  va lues  when t h e  errors are u s u a l l y  large 
md, as  t i m e  proceeds,  b u i l d  up t o  a p p r o p r i a t e  large 
f i n a l  v a l u e s  when t h e  errors are s m a l l .  
5.2 ROBUSTNESS VIA 0-MODIFICATION 
The P + I  a d a p t a t i o n  laws d i s c u s s e d  so f a r  have no  
)revision f o r  r e j e c t i n g  t h e  d e s t a b i l i z i n g  e f f ec t  of 
' n o i s e "  i n t r o d u c e d  t h r o u g h  unmodeled dynamics  o r  
l i s t u r b a n c e s .  The i n t e g r a l  t e r m  i n  t h e  a d a p t a t i o n  l a w  
icts t o  i n t e g r a t e  a q u a n t i t y  related t o  t h e  n o i s e  t e r m  
iquared .  The i n t e g r a t i o n  of s u c h  a non-nega t ive  
p a n t i t y  i n e v i t a b l y  creates an  u n d e s i r a b l e  d r i f t  i n  t h e  
n t e g r a l  t e r m  and u l t i m a t e l y  deteriorates the a d a p t i v e  
ystem performance. 
Ioannou and Kokotovic (-tv . I  w s i s  and  
t o f  R o b u s b e s s  of  W v e  C o n t r o l ,  
u t o m a t i c a ,  V o l .  20, N o .  5, pp. 583-594, 1984; Pobust 
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of Bdaptive C W ,  IEEE Trans .  Aut.  Control ,  
Vol. AC-29, N o .  3, pp.  202-211, 1984)  s u g g e s t  “ 0 -  
n o d i f i c a t i o n ”  t o  t h e  a d a p t a t i o n  l a w  i n  order  t o  
e l i m i n a t e  t h e  d r i f t  i n  t h e  i n t e g r a l  t e r m  and  t h u s  
coun te rac t  i n s t a b i l i t y .  T h e  basic idea i s  t o  modify t h e  
s d a p t a t i o n  l a w  (38 )  by add ing  a t e r m  - -bK( t )  which 
removes i t s  p u r e l y  i n t e g r a l  a c t i o n ,  t h a t  i s ,  i n s t e a d  of 
(38) w e  use  t h e  Q-modified l a w  
K ( t )  = -m(t) + p l d t [ r ( t ) s ’ ( t ) l  +p,[r(t)s’(t)l ( 3 9 )  d 
#here Q i s  a p o s i t i v e  scalar des ign  p a r a m e t e r .  The 
s i z e  of Q ref lects  our  lack  of knowledge abou t  t h e  
mmodeled dynamics and d i s tu rbances .  I n  e q u a t i o n  (39 ) ,  
:he leakage o r  decay t e r m  -m(t) acts  t o  d i s s i p a t e  t h e  
i n t e g r a l  bu i ldup ,  and e l i m i n a t e  t he  d r i f t  problem which 
z x c i t e s  t h e  p a r a s i t i c  and leads to i n s t a b i l i t y .  The 
>r ice  p a i d  f o r  t h e  a t t a i n e d  r o b u s t n e s s  i s  t h a t  t h e  
: racking-error  Ik(t>ll now converges t o  a bounded non-zero 
r e s i d u a l  set, and hence perfect t r a j e c t o r y  t r a c k i n g  is  
10 l onge r  achieved  i n  theo ry .  The s i z e  of t h i s  r e s i d u a l  
3et depends on t h e  va lue  of a, b u t  can  o f t e n  be made 
s u f f i c i e n t l y  small so t h a t  performance d e g r a d a t i o n  is  
i ccep tab le  i n  p r a c t i c e .  The drawback of t h e  a-modified 
i d a p t a t i o n  l a w ,  however, is t h a t  i n  t h e  a b s e n c e  of 
inmodeled dynamics and d i s t u r b a n c e s ,  w e  can  no  longe r  
juarantee  t h a t  l i m  Ilr(t)II = 0, u n l e s s  0 = 0 . 
t+- 
The P r o p o r t i o n a l  + I n t e g r a l  + Sigma (P + I + 6 )  
i d a p t a t i o n  l a w s  f o r  t h e  feedback c o n t r o l l e r  i n  
:ontinuous t i m e  are now given by 
f ( t )  = f(0) + y, r(t) + 7, Jot. ( t ) d t  - ol[f(t) dt 
K p ( t )  = K p ( 0 )  + alr(t)e’(t) + a,jotr(t)e’(t)dt - a , J o t K p ( t )  d t  
(40) 
(41) 
.. . . 
.... . .. 
....: 
I I n  c o n c l u s i o n ,  t h e  u s e  o f  a - m o d i f i c a t i o n  i s  
~ e s s e n t i a l  i n  o b t a i n i n g  s u f f i c i e n t  c o n d i t i o n s  f o r  
boundedness i n  t h e  p resence  of p a r a s i t i c .  However, i n  
t h e  absence of p a r a s i t i c ,  a causes  a t r a c k i n g - e r r o r  of 
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K v ( t )  = Kv(0) + plr(t)g(t) + p 2 ~ o t r ( t ) ~ ( t ) d t  - a , j o t K v ( t )  d t  
where {61,62,03) are p o s i t i v e  scalar des ign  pa rame te r s .  
For d i g i t a l  c o n t r o l  implementation w i t h  sampling p e r i o d  
Ts ( 4 0 )  - ( 4 2 )  y i e l d  t h e  r e c u r s i v e  a d a p t a t i o n  l a w s  
( 4 2 )  
o(+) t o  remain.  T h e r e f o r e ,  there  i s  a trade-off 
between boundedness of a l l  s i g n a l s  i n  t h e  p r e s e n c e  of 
p a r a s i t i c  and loss of exac t  convergence of t he  t r ack ing -  
error t o  z e r o  i n  t h e  absence of  p a r a s i t i c .  I n  other  
words, w e  have  s a c r i f i c e d  t h e  pe r fo rmance  i n  a n  
idea l i s t ic  s i t u a t i o n  i n  order t o  ach ieve  r o b u s t n e s s  i n  
rea l i s t ic  s i t u a t i o n s  which a r e  more l i k e l y  t o  occur  i n  
p r a c t i c a l  a p p l i c a t i o n s .  
6 .  SIMULATION RESULTS 
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The t r a c k i n g  c o n t r o l  scheme developed i n  S e c t i o n  3 
has been  a p p l i e d  t o  a t w o - l i n k  m a n i p u l a t o r  f o r  
i l l u s t r a t i o n  of t h e  b e n e f i t s  of t h e  inven t ion .  
C o n s i d e r  t h e  p l a n a r  two- l ink  m a n i p u l a t o r  i n  a 
v e r t i c a l  p l a n e  shown i n  F igu re  3, w i t h  t h e  e n d - e f f e c t o r  
c a r r y i n g  a pay load  of mass m. T h e  r o b o t  l i n k s  are  
assumed t o  be  d r i v e n  d i r e c t l y  (wi thout  g e a r s )  by two 
servomotors  w i t h  n e g l i g i b l e  dynamics. Hence t h e  a r m  i s  
"direct d r i v e "  and w e  can t r ea t  t h e  j o i n t  t o r q u e s  a s  the  
d r i v i n g  s i g n a l s .  T h e  dynamic equa t ion  of motion which 
relates the j o i n t  t o r q u e  v e c t o r  T =  [I:) t o  the  j o i n t  
a n g l e  v e c t o r  e=[::) i s  g i v e n  by  H. Sera j i ,  A N e K  
ch t o  w t i v e  C p D t r o l  of w, -, and 
K .  Seraj i ,  M .  Jamshidi, Y. T.  Kin, and M .  Shahinpoor ,  
C-1 of Two - Link, J o u r n a l  
of  Robot ic  Systems, V o l .  3, No. 4, pp. 349 - 365, 1986. 
where t h e  above terms are:  
( al+aacosea r,++=se 
a )  
; N(e,6)  = J a (a sine ,>+ b 
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I n  t h e  above  e x p r e s s i o n s ,  a,, ...,a5 are  c o n s t a n t  
parameters o b t a i n e d  from t h e  masses ( m l , m 2 )  and  t h e  
l e n g t h s  (11,121 o f  t h e  robot l i n k s ,  and (V1,Vj) and 
(Vz,V4) are  c o e f f i c i e n t s  of v i s c o u s  and  Coloumb 
f r i c t i o n s  r e s p e c t i v e l y .  For  t h e  p a r t i c u l a r  robot  under 
s tudy ,  t h e  numer ica l  v a l u e s  of t h e  l i n k  parameters  are 
n-11 = 15.91Kg; m2 = 11.36Kg; 11 = 1 2  = 0.432m so t h a t  t h e y  
r ep resen t  l i n k s  2 and 3 of  t h e  Unimation PUMA 560 r o b o t .  
This y i e l d s  t h e  fo l lowing  numer ica l  va lues  for t h e  model 
parameters ( H .  S e r a j i ,  M .  Jamshid i ,  Y. T. K i m ,  and  M .  
Shaninpoor, -) 
al= 3.82 ; a 2 = 2 . 1 2  ; a, = 0.71 
a, = 81.82 ; a, = 24.06 
rhe f r i c t i o n  c o e f f i c i e n t s  are chosen  as V1 = V3 = 
L . O N t . m / r a d . s e c - l  and V2 = V4 = 0.5NT.m and t h e  payload  
nass is  i n i t i a l l y  m = 10.OKg. 
The j o i n t  a n g l e s  Bl(t) and  e Z ( t )  are r e q u i r e d  t o  
:rack t h e  c y c l o i d a l  r e f e r e n c e  trajectories 
O S t S 3  
= O  3 < t  
O S t  S 3  
A 
3 c t  -- - 2  
50  t h a t  t h e  robot c o n f i g u r a t i o n  changes smoothly from 
:he i n i t i a l  p o s t u r e  { e l = - -  ‘ ,e2=0}  t o  t h e  f i n a l  p o s t u r e  
(e,= (),e, =+ -} i n  t h r e e  seconds .  The j o i n t  a n g l e s  are 
: o n t r o l l e d  by t h e  feedforward  and /o r  feedback t r a c k i n g  
:on t ro l  scheme 
T l ( t )  = Pfll(er)6 1 + M l 2 ( e r ) 6  2+G1(er) l  
+ [fl(t) + k ,(t)e,(t) + k , ( t ) e , ( t ) l  
2 
A 
2 
I r (48) 
P V 
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where M and G are d e f i n e d  i n  ( 4 6 ) .  It i s  seen  t h a t  each 
t r a c k i n g  c o n t r o l  l a w  i s  composed of feedforward and  
feedback components. The feedforward component has a 
c e n t r a l i z e d  s t r u c t u r e  and i s  based on t h e  man ipu la to r  
dynamic model ( 4 6 ) .  It i s  a func t ion  o f  t h e  r e f e r e n c e  
t r a j e c t o r y  er( t )  and c o n t a i n s  t h e  i n e r t i a l  a c c e l e r a t i o n  
t e r m  M(er)er and t h e  g r a v i t y  load ing  t e r m  G(e.1 of t h e  
a r m  i t s e l f ,  wi thou t  t h e  payload ( i . e . ?  m = 0 ) .  The 
C o r i o l i s  and c e n t r i f u g a l  t e r m  N ( % h  I t h e  f r i c t i o n a l  
t e r m  H ( 6 ,  and  t h e  payload  term are  assumed t o  be 
u n a v a i l a b l e  for  on- l ine  c o n t r o l  and are not  i n c o r p o r a t e d  
i n  t h e  feedforward c o n t r o l l e r .  The feedback c o n t r o l l e r  
has a d e c e n t r a l i z e d  s t r u c t u r e  and i s  composed o f  t h e  
a u x i l i a r y  s i g n a l  f ( t )  I t h e  p o s i t i o n  feedback t e r m  
k , ( t ) e ( t ) ,  and t h e  v e l o c i t y  feedback t e r m  k v ( t ) & ( t )  where 
e(t) = e$) - e(t) i s  t h e  p o s i t i o n  t r a c k i n g - e r r o r  i n  
r a d i a n s .  T h e  feedback terms are updated as  ( I n  t h i s  
example, t h e  0-modi f ica t ion  was not  necessary,  and  hence 
f l( t)= f l ( 0 ) + y 1 r l ( t )  + y  , j z r l ( t )d t -O  , j o t f , ( t ) d t = j ~ r l ( t ) d t  ( 4 9 )  
kp, ( t )  = kpi(0) + a lri(t)e,(t) +a , j0 r i ( t )e i ( t )d t  - 0 l jokp , ( t )d t  
0 ,  = 0 ,  - O , = O ) .   
2 1 
t t 
1 2 2 
t 
= r,(t)e,(t) + 1 0 ~ o r , ( t ) e , ( t ) d t  (50) 
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r,(t) = w e i ( t )  + w v i 6 , ( t )  = 3000e,(t)  + 15 
Pi 
o e  (t) 
Vote t h a t  t h e  i n i t i a l  va lues  of t h e  a u x i l i a r y  s i g n a l  and 
:he feedback ga ins  are a l l  chosen a r b i t r a r i l y  as z e r o .  
( T h e  numer i ca l  v a l u e s  of up and w, i n  (52)  are l a r g e  
s i n c e  t h e  u n i t  of a n g l e  i n  t h e  c o n t r o l  program i s  
" r a d i a n .  A s imple  t r a p e z o i d a l  i n t e g r a t i o n  r u l e  i s  
i s e d  t o  compute t h e  i n t e g r a l s  i n  t h e  a d a p t a t i o n  l a w s  
(49) - (51) w i t h  d t  = 1 mi l l i s econd .  
To e v a l u a t e  the  performance of t he  proposed c o n t r o l  
scheme, the n o n l i n e a r  dynamic model of  t h e  manipulator-  
) lus-payload ( 4 6 )  and t h e  t r a c k i n g  c o n t r o l  scheme (48 )  
ire s i m u l a t e d  on a DEC-VAX 11/750 computer w i t h  t h e  
sampling p e r i o d  of 1 m i l l i s e c o n d .  I n  order t o  
i l l u s t r a t e  t h e  e f f e c t i v e n e s s  of t h e  proposed c o n t r o l  
scheme t o  compensate f o r  sudden g r o s s  v a r i a t i o n  i n  t h e  
>ayload  m a s s ,  t h e  mass i s  suddenly decreased f r o m  m = 
~0.0 Kg t o  ze ro  a t  6 = 1 . 5  seconds ( i . e .  t h e  payload i s  
iropped) while  t h e  manipula tor  i s  i n  motion under  the 
: o n t r o l  s y s t e m  o p e r a t i n g  i n  accordance  w i t h  e q u a t i o n  
( 4 8 ) .  The  r e s u l t s  of t h e  computer s imula t ion  are shown 
.n F igu re  4 ( i )  - (ii) and i n d i c a t e  t h a t  t h e  j o i n t  a n g l e s  
31(t)  a n d  8 (t) t rack t h e i r  c o r r e s p o n d i n g  r e f e r e n c e  
. r a j e c t o r i e s  8 ,(t) and 8 ,(t) vary  closely throughout 
.he mot ion ,  d k s p i t e  the'  sudden p a y l o a d  v a r i a t i o n .  
' i g u r e s  5 ( i )  - (ii) and 6 ( i )  - (ii) show t h e  r e sponses  
If t h e  t r a c k i n g - e r r o r s  e l ( t )  and e z ( t )  and t h e  c o n t r o l  
.orques T1 (t) and T z ( t ) ,  and i n d i c a t e  a sudden jump a t  t 
: 1 . 5 "  due  t o  pay load  change. To show t h e  feedback 
, d a p t a t i o n  p r o c e s s ,  t i m e  v a r i a t i o n s  of t h e  a u x i l i a r y  
# i g n a l  f l ( t ) ,  t h e  p o s i t i o n  ga in  k p i ( t ) ,  and t h e  v e l o c i t y  
rain kV,( t )  are shown i n  F i g u r e s  7(i) - (iii). It  i s  
een  t h a t  t h e  feedback terms have adap ted  r a p i d l y  on- 
i n e  t o  cope w i t h  t h e  sudden payload mass change. The 
e s u l t s  demonstrate  t h a t  t h e  inven t ion  does n o t  r e q u i r e  
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knowledge o f  t h e  payload  mass m a n d  can a d a p t  i t s e l f  
r a p i d l y  t o  cope w i t h  unpred ic t ab le  g ross  v a r i a t i o n s  i n  m 
and s u s t a i n  a good t r a c k i n g  performance. 
7 .  EXPERIMENTAL RESULTS 
I n  t h i s  s e c t i o n ,  t h e  t r a c k i n g  c o n t r o l  sys t em 
described i n  S e c t i o n  3 . 2  is  a p p l i e d  t o  a PUMA i n d u s t r i a l  
robot  f o r  tes t  and e v a l u a t i o n  purposes .  
The testbed f a c i l i t y  a t  t h e  J P L  Robot ics  Research 
Laboratory c o n s i s t s  of a Unimation PUMA 560 robo t  and 
z o n t r o l l e r ,  and a DEC M i c r o V A X  I1 computer, as shown i n  
che f u n c t i o n a l  diagram of  F igu re  8 .  The M i c r o V A X  I1 
nosts t h e  R C C l  (Robot Con t ro l  "C" L i b r a r y )  software, 
qhich w a s  o r i g i n a l l y  developed a t  Purdue Un ive r s i ty  (V . 
layward and R .  P a u l ,  t o  RCCL: A -  
t obo t i c s ,  pp. 293 - 297, At lan ta ,  1984, and subsequent ly  
nodified and implemented a t  J P L .  During the  o p e r a t i o n  
>f t h e  a r m ,  a hardware c lock  c o n s t a n t l y  i n t e r r u p t s  t h e  
[/O program r e s i d e n t  i n  t h e  Unimation c o n t r o l l e r  a t  a 
,reselected sampling p e r i o d  T,, which can be chosen as  
r ,  1 4 ,  28 or 54 m i l l i s e c o n d s .  A t  eve ry  i n t e r r u p t ,  t h e  
:/0 program gathers informat ion  about  t h e  s ta te  of t h e  
i r m  (such as j o i n t  encoder r e a d i n g s ) ,  and i n t e r r u p t s  t h e  
: o n t r o l  program i n  t h e  M i c r o V A X  I1 t o  t r a n s m i t  t h i s  
Lata. The 1/0 program t h e n  wai t s  f o r  t he  c o n t r o l  
hrogram t o  i s s u e  a new set of  c o n t r o l  s i g n a l s ,  and then  
l i s p a t c h e s  these s i g n a l s  t o  t h e  a p p r o p r i a t e  j o i n t  
iotors. Therefore ,  t h e  MICROVAX I1 acts  as a d i g i t a l  
i o n t r o l l e r  for  t h e  PUMA a r m  and t h e  Unimation c o n t r o l l e r  
s e f f e c t i v e l y  by-passed and i s  u t i l i z e d  merely as an  
/O d e v i c e  t o  i n t e r f a c e  t h e  MicroVAX I1 t o  t h e  j o i n t  
.otors.  
01 I C '  -, Proc. I E E E  I n t e r n .  Conf .  on 
To tes t  and e v a l u a t e  t h e  c o n t r o l  system descr ibed  i n  
e c t i o n  3, t h e  t r a c k i n g  c o n t r o l l e r  is implemented on t h e  
a i s t  j o i n t  el of t h e  PUMA arm, w h i l e  t h e  o t h e r  j o i n t s  
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a r e  he ld  s t eady  u s i n g  t h e  U n i m a t i  n c o n t r o l l e r .  The 
w a i s t  con t ro l  l a w  i s  coded wi th in  t h e  RCCL environment 
on t h e  MicroVAX I1 computer. I t  i s  assumed t h a t  t h e  
dynamic model and parameter  va lues  of t h e  a r m  are no t  
a v a i l a b l e ,  and  hence  t h e  f eed fo rward  c o n t r o l l e r  i s  
e l i m i n a t e d .  T h e  c o n t r o l  t o rque  f o r  t h e  w a i s t  j o i n t  a t  
each sampling i n s t a n t  N i s  ob ta ined  f r o m  t h e  a d a p t i v e  
F I D  feedback c o n t r o l  l a w  
T ( N )  = f ( N )  + k , ( N ) e ( N )  + k , ( N ) e ( N )  (53) 
where e ( N )  = e  l ( N )  - e l ( N )  i s  t h e  waist p o s i t i o n  error, 
i s  t h e  w a i s t  v e l o c i t y  error formed e ( N )  - e ( N  - 1) e ( N )  = 
in  t h e  s o f t w a r e ,  and e ,(t) i s  t h e  r e f e r e n c e  t r a j e c t o r y  
€or t h e  w a i s t  j o i n t .  The feedback t e r m s  are g e n e r a t e d  
3y t h e  f o l l o w i n g  s imple  r e c u r s i v e  a d a p t a t i o n  l a w s  ( I n  
:he e x p e r i m e n t ,  it was n o t  n e c e s s a r y  t o  u s e  0- 
n o d i f i c a t i o n  and hence w e  set o=O). 
r 
Ts 
I 
r ( N )  = 30e(N) + 20&(N) 
f ( N )  = f ( N  - 1) + 0.175[r(N) + r ( N  - 111 
k,(N) = k , (N  - 1) + 0.35[r(N)e(N) + r ( N  - l ) e ( N  - l)] 
there the  a d a p t a t i o n  g a i n s  are found a f te r  a f e w  t r i a l -  
m d - e r r o r s .  The sampl ing  p e r i o d  i s  chosen  a s  t h e  
;mallest p o s s i b l e  v a l u e  T, = 7 m i l l i s e c o n d s  ( i . e .  
;ampling f ,  = 1 4 4 H , ) ,  s i n c e  t he  o n - l i n e  computa t ions  
.nvolved i n  t h e  c o n t r o l  l a w  (53)  a re  a f e w  s i m p l e  
i r i t h m e t i c  o p e r a t i o n s .  N o  i n fo rma t ion  about  the  PUMA 
lynamics i s  used  f o r  implementa t ion  of t h e  c o n t r o l  
iystem, a n d  hence t h e  c o n t r o l l e r  t e r m s  are i n i t i a l l y  
:ero; i . e .  f(0) = k,(O) = kv(0) = 0 .  
The PUMA a r m  i s  i n i t i a l l y  a t  t h e  "zero"  p o s i t i o n  
r i th  t h e  upper-arm h o r i z o n t a l  and t h e  forearm v e r t i c a l ,  
'orming a r i g h t - a n g l e  c o n f i g u r a t i o n .  The w a i s t  j o i n t  
(54) 
(55) 
(56) 
(57)  k,(N) = k, (N - 1) + 2.8[r(N)&(N) + r ( N  - l ) & ( N  - l)] 
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a n g l e  e l ( t )  i s  commanded t o  change from t h e  i n i t i a l  
p o s i t i o n  e l=o  t o  t h e  g o a l  p o s i t i o n  e l = Y  i n  2 
seconds.  The r e f e r e n c e  t r a j e c t o r y  8 ,(t) i s  syn thes i zed  
by t h e  c y c l o i d a l  t r a j e c t o r y  gene ra to r  i n  RCCL as  
r 
e ,(t) = a [xt - s i n x t ]  O S t  s 2  
2<t 
r 
x - _  
- 2  
While t h e  a r m  i s  i n  motion, t h e  r e a d i n g  of  t h e  
daist  j o i n t  encoder a t  each sampling i n s t a n t  is  recorded 
l i r e c t l y  from t h e  a r m ,  converted i n t o  degrees and s t o r e d  
in a data  f i l e .  The va lues  of t h e  a u x i l i a r y  s i g n a l  and 
Eeedback g a i n s  are  a l s o  r eco rded  a t  each sampling and 
cept i n  t h e  same d a t a  f i l e .  F i g u r e  9 ( i )  shows t h e  
lesired and ac tua l  trajectories of t h e  w a i s t  j o i n t  angle  
ind t h e  t r ack ing -e r ro r  i s  shown i n  F igure  9 ( i i ) .  It i s  
seen t h a t  t h e  j o i n t  a n g l e  O 1 ( t )  t racks t h e  r e f e r e n c e  
: r a j e c t o r y  8 ,(t) ve ry  c l o s e l y ,  and t h e  peak va lue  of t h e  
: racking-err& e ( t )  i s  1 . 4 0 ' .  The i n i t i a l  lag i n  t h e  
31 r e s p o n s e  i s  due  t o  t h e  l a r g e  s t i c t i o n  ( s t a t i c  
f r i c t i o n )  p r e s e n t  i n  t h e  w a i s t  j o i n t .  
F igu res  10  (i) -(ii) show t h e  t r a c k i n g  performance of 
.he waist j o i n t  fo r  t h e  same motion u s i n g  t h e  Unimation 
: o n t r o l l e r ,  which i s  o p e r a t i n g  w i t h  t h e  sampling period 
If 1 m i l l i s e c o n d  f ,  = im ,  . I t  is s e e n  t h a t  t h e  peak 
o i n t  t r a c k i n g - e r r o r  i n  Figure l O ( i i )  i s  5.36', which 
lroduces 4 c e n t i m e t e r s  peak p o s i t i o n  e r r o r  a t  t h e  end- 
f f e c t o r .  By comparing F i g u r e s  9 ( i i )  and l O ( i i ) ,  it i s  
v i d e n t  t h a t  t h e  t r a c k i n g  performance of t h e  adap t ive  
o n t r o l l e r  i s  n o t i c e a b l y  s u p e r i o r  t o  t h a t  of t h e  
n i m a t i o n  c o n t r o l l e r ,  d e s p i t e  t h e  f a c t  t h a t  t h e  
n i m a t i o n  c o n t r o l  l o o p  i s  7 t i m e s  f a s t e r  t h a n  t h e  
daptive c o n t r o l  loop. T h e  v a r i a t i o n s  of  t h e  a u x i l i a r y  
igna l  f ( t I r  t h e  feedback g a i n s  k , ( t )  and k , ( t ) ,  and t h e  
o n t r o l  t o r q u e  T ( t )  are a l so  shown i n  F i g u r e s  l l ( i ) -  
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( i v ) .  I t  i s  seen  t h a t  f ( t)  , k , ( t )  , n y ( t ) ,  and  T ( t )  a l l  
s t a r t  from t h e  i n i t i a l  va lues  o f  z e r o  and change w i t h  
t i m e  . 
I s h a l l  now d i s c u s s  a t e s t  r e l a t i n g  t o  t h e  t r a c k i n g  
performance of  t h e  a d a p t i v e  c o n t r o l l e r  i n  a d i f f e r e n t  
s i t u a t i o n .  Suppose t h a t  t he  conf igu ra t ion  o f  t h e  a r m  i s  
changed smoothly from t h e  i n i t i a l  z e r o  p o s t u r e  t o  t h e  
f i n a l  ve r t i ca l  p o s t u r e  w h i l e  t h e  w a i s t  j o i n t  i s  i n  
mot ion .  T h i s  e f f e c t i v e l y  imposes a dynamic i n e r t i a l  
load on t h e  waist motor, as w e l l  as i n t r o d u c i n g  t o r q u e  
d i s t u r b a n c e s  i n  t h e  w a i s t  c o n t r o l  loop due t o  i n t e r -  
j o i n t  c o u p l i n g s .  W e  now s p e c i f y  a d i f f e r e n t  desired 
t r a j e c t o r y  for  t h e  w a i s t  ang le  whereby e l  i s  commanded 
t o  change from 0 t o  - i n  three seconds w h i l e  t r a c k i n g  
a c y c l o i d a l  t r a j e c t o r y .  Using t h e  same a d a p t i v e  c o n t r o l  
l a w  (53), t he  a c t u a l  r eco rd ing  from the  w a i s t  j o i n t  and  
t h e  desired t r a j e c t o r y  are shown i n  F igu re  1 2 ( i )  and t h e  
t r a c k i n g - e r r o r  i s  p l o t t e d  i n  F igure  12 (ii) . I t  is  seen  
t h a t  t h e  a c t u a l  t r a j e c t o r y  t r a c k s  t h e  new desired 
t r a j e c t o r y  very  c l o s e l y ,  d e s p i t e  t h e  dynamic load ing  on 
t h e  waist j o i n t  a n d  t h e  i n t e r - j o i n t  c o u p l i n g  
d i s t u r b a n c e s .  The exper imenta l  r e s u l t s  demonstrate  t h a t  
the  i n v e n t i o n ' s  c o n t r o l  system i s  n o t  s e n s i t i v e  t o  t h e  
a r m  c o n f i g u r a t i o n ,  t o r q u e  d i s tu rbances ,  o r  the  d e s i r e d  
t r a j e c t o r y .  
It 
3 
The f o l l o w i n g  o b s e r v a t i o n s  are made f r o m  f u r t h e r  
experiments  on the  PUMA robot :  
1. Using t h e  Unimation c o n t r o l l e r ,  t he  t r ack ing -  
e r r o r  i n c r e a s e s  fo r  fast  motion under heavy payload. 
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F o r  i n s t a n c e ,  when t h e  arm i s  f u l l y  e x t e n d e d  
h o r i z o n t a l l y  c a r r y i n g  a f ive  pound payload and t h e  w a i s t  
j o i n t  i s  moved by 90 '  i n  1.2 seconds,  t h e  peak j o i n t  
t r ack ing -e r ro r  is  about 9 ' .  When transformed t o  the  end- 
e f f e c t o r ,  t h i s  g ives  t h e  peak t i p  error  of 16 
cen t ime te r s .  
2 .  The ra te  of sampling, T,, has a c e n t r a l  role  
i n  t he  performance of t h e  proposed c o n t r o l  scheme. I n  
t h e  a d a p t i v e  feedback c o n t r o l l e r ,  t h e  sampl ing  r a t e  
de termines  t h e  ra te  a t  which t h e  feedback g a i n s  and t h e  
a u x i l i a r y  s i g n a l  are  updated .  Faster sampl ing  ra te  
(smaller T,) allows higher adap ta t ion  rates t o  be used, 
which i n  t u r n  leads t o  a better t r a c k i n g  performance.  
When t h e  sampling ra te  i s  slow ( large T,) ,  t he  t r a c k i n g  
performance is  degraded, and the use  of high a d a p t a t i o n  
g a i n s  may lead t o  c l o s e d - l o o p  i n s t a b i l i t y .  F o r  
in s t ance ,  for T, = 14 msec, the  adapta t ion  g a i n s  i n  (54)- 
(57)  must be reduced  t o  main ta in  s t a b i l i t y ,  and t h i s  
degrades t h e  t r a c k i n g  performance. I n  g e n e r a l ,  when T, 
is large, t h e  effects of sampling and d i s c r e t i z a t i o n  are 
more pronounced and the c o n t r o l  system performance is 
degraded. Therefore, i n  practical implementation, it is  
h i g h l y  desirable t o  i n c r e a s e  t he  sampling ra te  as  much 
as p o s s i b l e  by op t imiz ing  t h e  real-time c o n t r o l  program 
or u s i n g  a mul t i -processor  concurrent  computing system. 
I n  t h e  p r e s e n t  e x p e r i m e n t a l  s e t u p ,  f o r  any  sampl ing  
p e r i o d  T,, a b o u t  three msec i s  t a k e n  up  by t h e  
communication between t h e  Micro VAX I1 and t h e  Unimation 
c o n t r o l l e r ;  hence  f o r  T, = 7 msec o n l y  f o u r  msec i s  
available for c o n t r o l  l a w  computations. 
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3 .  The feedback a d a p t a t i o n  g a i n s  i n  ( 5 4 ) - ( 5 7 )  
shou ld  no t  be chosen unnecessa r i ly  high, s i n c e  t o o  high 
g a i n s  can lead t o  i n s t a b i l i t y  while  producing n e g l i g i b l e  
improvement i n  t h e  t r a c k i n g  per formance  ( e .g . ,  a n  
a c c e p t a b l e  peak error of 1' may decrease t o  0.1.). For 
i n s t a n c e ,  fo r  t h e  a d a p t a t i o n  g a i n s  g iven  i n  t h e  above 
experiment,  motion o f  8 ,  by 90'  i n  1 . 2  seconds leads t o  
i n s t a b i l i t y .  I n  t h i s  case, it i s  necessary  t o  decrease 
t h e  a d a p t a t i o n  g a i n s  or t o  in t roduce  a-modif icat ion i n  
o r d e r  t o  e n s u r e  s t a b i l i t y .  Therefore, i n  genera l ,  t h e  
a d a p t a t i o n  g a i n s  must be chosen t o  y i e l d  an acceptable 
t r a c k i n g  performance for  t h e  fastest  t r a j e c t o r y  i n  t h e  
experiment,  i . e .  "the worst case design".  
4 .  For v e r y  s low mot ions  o f  t h e  w a i s t  j o i n t  
(e.g., average speed of 2 ' / s e c ) ,  t h e  f r i c t i o n  p r e s e n t  i n  
t he  w a i s t  j o i n t  has a dominat ing effect and therefore 
t h e  implemented c o n t r o l  scheme has a poor performance. 
Th i s  is  due t o  t h e  fact  t h a t  i n  t h i s  case, the  c o n t r o l  
t o r q u e  T, is  comparable i n  magnitude t o  t h e  s t i c t i o n  T, 
of t he  j o i n t ,  and hence the n e t  t o rque  T,-T, a p p l i e d  t o  
t h e  j o i n t  is n o t  s u f f i c i e n t l y  large. Therefore, f o r  
s l o w  motions, it is  necessary  t o  in t roduce  a feedforward 
c o n t r o l l e r  o r  a f r i c t i o n  compensat ion i n  order t o  
c o u n t e r a c t  t h e  effect  of s t i c t i o n .  The s i t u a t i o n  i s  
improved by i n c r e a s i n g  the  sampling ra te .  
8 .  CONCLUSIONS 
A new and simple robus t  c o n t r o l  system f o r  a c c u r a t e  
t r a j e c t o r y  t r a c k i n g  of, robotic manipula tors  has been  
described. The c o n t r o l  system t a k e s  f u l l  advantage of 
any known pa r t  of t h e  m a n i p u l a t o r  dynamics i n  t h e  
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f o r w a r d  c o n t r o l l e r .  The - 3 a p t i v e  feedback 
c o n t r o l l e r  t hen  compensates f o r  any unknown dynamics and 
uncertainties/variations i n  t h e  m a n i p u l a t o r / p a y l o a d  
parameters .  
From the  t r a c k i n g  p o i n t  of view, it i s  d e s i r a b l e  t o  
set t h e  feedback adap ta t ion  rates as h igh  as p o s s i b l e  so 
t h a t  t h e  feedback c o n t r o l l e r  can respond r a p i d l y  t o  
v a r i a t i o n s  i n  t h e  manipulator dynamics o r  sudden changes 
i n  t h e  pay load .  High ra te  a d a p t a t i o n ,  however, can 
cause  i n s t a b i l i t y  through t h e  e x c i t a t i o n  of unmodeled 
dynamics. The i n s t a b i l i t y  i s  coun te rac t ed  i n  t h e  paper 
by t h e  a d d i t i o n  of decay  terms t o  t h e  i n t e g r a l  
a d a p t a t i o n  l a w s  t o  y i e l d  an a d a p t i v e  c o n t r o l l e r  which is  
r o b u s t  i n  t h e  p r e s e n c e  of unmodeled dynamics and  
d i s t u r b a n c e s .  
The feedback a d a p t a t i o n  l a w s  i n  S e c t i o n  3 are  
d e r i v e d  under t he  assumption t h a t  t h e  robot model i s  
"slowly time-varying" i n  comparison w i t h  t he  c o n t r o l l e r  
t e r m s .  I n  t heo ry ,  t h i s  assumption i s  necessa ry  i n  order 
t o  d e r i v e  s imple  a d a p t a t i o n  laws which do  n o t  con ta in  
any t e r m s  f r o m  t h e  robo t  model. I n  practice, t h e  
s i m u l a t i o n  and exper imenta l  s t u d i e s  of  S e c t i o n s  5 and 6 
j u s t i f y  t h e  assumption, even under g r o s s  a b r u p t  change 
i n  t he  payload .  T h i s  is  due t o  t h e  r o b u s t  n a t u r e  of 
a d a p t i v e  c o n t r o l  schemes, which i s  d i s c u s s e d  b r i e f l y  i n  
H .  S e r a j i ,  A N e w  -roach T o  W a g t i v e  C o n t r o l  of 
-, -. Never the less ,  f u r t h e r  s imula t ions  
and experiments  need t o  be performed u s i n g  d i r e c t - d r i v e  
arms i n  f a s t  mot ions  t o  test t h e  p r a c t i c a l  l i m i t a t i o n s  
of the s i m p l i f y i n g  assumption of slow t i m e  v a r i a t i o n .  
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I t s  f o r  a two-lin.. r o b o t  a n d  
exper imenta l  r e s u l t s  of  a PUMA i n d u s t r i a l  robot va l ida te  
t h e  c a p a b i l i t y  o f  t h e  i n v e n t i o n ' s  c o n t r o l  s y s t e m  i n  
a c c u r a t e  t r a j e c t o r y  t r a c k i n g  w i t h  p a r t i a l  o r  no 
informat ion  on t h e  manipulator  dynamics. 
F i n a l l y ,  t h e  c o n t r o l  f e a t u r e s  p r e s e n t e d  h e r e i n  
can r e a d i l y  be extended t o  t h e  d i rec t  c o n t r o l  of end- 
e f f e c t o r  p o s i t i o n  and o r i e n t a t i o n  i n  C a r t e s i a n  s p a c e .  
I n  t h i s  f o r m u l a t i o n ,  t h e  c o n t r o l l e r s  operate  on 
C a r t e s i a n  v a r i a b l e s  and t h e  end-ef fec tor  c o n t r o l  f o r c e s  
are t h e n  t ransformed t o  j o i n t  t o rques  us ing  t h e  Jacobean 
m a t r i x  ( H .  Seraj i ,  W D r o z h  To Mult i v a r M l e  C o n t r o l  
Df -, ASME J o u r n .  Dynamic S y s t e m s ,  
Measurement and Control ,  V o l .  109, N o .  2, pp. 146 - 154, 
1987 a n d  H. S e r a j i ,  U r e c t  Adaptive C o n t r o l  Of 
u l a t o r s  I n  Car t e s i an  S D ~ ,  Jou rna l  of Robo t i c  
Systems, V o l .  4, N o .  1, pp. 157 - 178, 1987. 
The above d e s c r i p t i o n  p r e s e n t s  t he  best mode 
contemplated i n  c a r r y i n g  ou t  my inven t ion .  My inven t ion  
is, however, s u s c e p t i b l e  t o  mod i f i ca t ions  and  a l t e r n a t e  
c o n s t r u c t i o n s  from t h e  embodiments shown i n  t h e  drawings 
and  described above.  Consequent ly ,  it i s  n o t  t h e  
i n t e n t i o n  t o  l i m i t  t h e  i n v e n t i o n  t o  t h e  p a r t i c u l a r  
embodiments d i s c l o s e d .  On t h e  c o n t r a r y ,  t h e  i n v e n t i o n  
is  in t ended  and s h a l l  cover a l l  modi f ica t ions ,  s i z e s  and 
a l t e r n a t e  c o n s t r u c t i o n s  f a l l i n g  wi th in  t h e  s p i r i t  and 
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scope of the invention, as expressed in the appended 
claims when read in light of the description and 
drawing. 
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Model-based and performance-based contro: 
techniques are combined for an electrical robotic control 
system. Thus, two distinct and separate design philosophie: 
have been merged into a single control system having t 
control law formulation including two distinct and separate 
components, each of which yields a respective signal 
component that is combined into a total command signal foi 
the system. Those t w o  separate system components include e 
feedforward controller and a feedback controller. The 
feedforward controller is model-based and contains any knowr 
part of the manipulator dynamics that can be used for on-line 
control to produce a nominal feedforward component of the 
system's control signal. The feedback controller ia 
performance-based and consists of a simple adaptive PIE  
controller which generates an adaptive control signal tc 
complement the nominal feedforward signal. 
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